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Cylinder counts and spin refinement of area Siegel-Veech
constants

Jan-Willem van Ittersum and Adrien Sauvaget

Abstract. We study the area Siegel-Veech constants of components of strata of abelian dif-
ferentials with even or odd spin parity. We prove that these constants may be computed using
either: (I) quasimodular forms, or (II) intersection theory. These results refine the main theorems
of Chen-Moller—Zagier (2018) and Chen—Moller—Sauvaget—Zagier (2020), which described the
area Siegel-Veech constants of the full strata. Along the proof of (II), we establish a new identity
for Siegel-Veech constants of cylinders.

1. Introduction

1.1. Relations between cylinder Siegel-Veech constants

Let g, n be non-negative integers satisfying 2g —2 +n > 0. Let M, , and M , be
the moduli spaces of smooth and stable complex curves of genus g with n distinct
markings. We denote by p: J?g,n — Mg,n the Hodge bundle, i.e., the vector bundle
whose fiber at the point (C, x = {xi, ..., X,}) is the space H°(C, wc) of abelian
differentials on C. If u = (my, ..., my) is a vector of positive integers satisfying

def

n
Wl =D mi=2¢—2+n,

i=1
then we denote by # () the stratum of abelian differentials of type [, i.e., the sub-
space of H, , of differentials (C, x, ) satisfying: C is smooth, and ordy, (n) =m; — 1
forall 1 <i <n. This space is equipped with a canonical measure v, called the Masur—
Veech measure. If X is a component of J€ (11), then we denote by

Vol(X) = (4g—2+2n)xv{(C,x,n) € X, s.t. %/ nAn< 1},
c
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the Masur—Veech volume of X . This volume is finite and rational up to a power of &
by [13, 14,25,34].

Let (C, x, n) be a differential of type w. The differential  defines a flat metric with
trivial holonomy on C \ {x1,..., x,}. Each x; is a conical singularity of this metric
with angle m; (27). The union of closed geodesics of a given homotopy type in this
open surface forms a cylinder Z whose width w(Z) is the length of any geodesics in
the homotopy class. This cylinder is bounded on each side by at least one singularity.
We denote

area(”Z)

JV C, ,L == )

(€. L)o Z area(C)
Zst.w(Z)<L

1

N(C,n,L)ey) = .

(€. L)ey Z area(C)
Z st w(Z)<L

Here we consider a refinement of the count of cylinders: for all 1 <i < n, we denote

JV(C, n, L)Cyl,i = % Z fl(Z)

Z st w(Z)<L area(C)

where f;(Z) =0, 1, or 2 if x; bounds Z on 0, 1, or 2 sides. For a connected compo-
nent X of J¢(j), there exist constants co(X), cey1(X), Ceyt,1(X), .. ., Ceyrn (X) satis-
fying
N(C,n, L)y ~ co(X)-mL?
L—o0

for almost all abelian differentials in X (see [12,35]). These constants are elements
of 772Q and may be expressed as ratios between volumes of connected components
of strata (see Section 4). In [36] Vorobets showed the following identity holds:

Ccyl(X) = (2g—2—|—l’l)6‘()(X) (1)
Our first theorem is a refinement of this identity.
Theorem 1.1. Forall 1 <i < n, we have cy,i (X) = m; - co(X).

Example 1.2. A standard class of abelian differentials is provided by coverings of
the square torus ramified above a single point — square-tiled surfaces. The differential
on the covering surface is the pull-back of the unique (up to scalar) differential on the
torus, and its singularities are determined by the orders of ramification. The polygon
of Figure 1 is a square-tiled surface in J¢ (4, 2): the surface is obtained by identifying
the edges of the polygon with the same labels. The red/blue vertices of the polygon
are identified along this process to produce conical singularities of angles 87 and 47
respectively. In this example, the red cylinder is bounded twice by the red singularity,
while the green one is bounded once by each singularity.
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Figure 1. Square-tiled surface in # (4, 2).

Theorem 1.1 implies that if we choose a random boundary of a cylinder of large
width for a generic deformation of this square-tiled surface, then the probability that
it contains the red singularity is approximately 2 /3.

1.2. Spin parity of abelian differentials

Here we assume that the entries of w are all odd. An element (C, x, ) in (i)
determines a canonical spin structure, i.e., a line bundle L — C such that L®2 ~ wc.
This line bundle is defined as

—1 —1
L=oc(™ x4 ).

2 2

The sign—or Arf invariant—of an abelian differential in # (i) equals (—l)hO(C’L).
By classical results of Mumford and Atiyah, this sign is constant in connected families
of spin structures [1,27]. Thus we denote by #(u)*/H (1)~ the components of
H (1) of even/odd differentials.

Remark 1.3. The components #(u)* and J# (1)~ may be disconnected. Indeed,
when . = (2g — 1) or (g, g), then J (1) contains a connected component of abelian
differentials supported on hyperelliptic curves. This connected component may be
included in the even or odd component depending on the value of g (see [22]). Hence,
the space #¢(u) may have up to 3 connected components. As Theorem 1.1 holds
trivially on hyperelliptic components, it suffices to study ¢; (X) for X = #(u)* and
X =H(w).

If X is a union of components of # (i), and * is one of the counting types above
then ¢, (X) stands for the average of the Siegel-Veech constants of its connected



J.-W. van Ittersum and A. Sauvaget 4

components (weighted by the Masur—Veech volume). We denote by ¢, () the Siegel—-
Veech constants of # (u). Moreover, we write

Vol() = Vol(J (1)),
Vol® (1) = Vol(# (1)) — Vol(J (1)),

e (1) = Vol(J (1)),
cr(w) = a(%(mﬂw — c*(gg(u)—)w

Vol(H# (1)) Vol(H (1))

The functions Vol, ¢o and VoI * may be expressed either

(D) asthe value ¢ — 1 of the g-expansion of quasimodular forms (see [7,13,14]);
or

(II) as intersection numbers on P # (), the Zariski closure of the projectivization
of # (1) in the projectivized Hodge bundle (see [6]).

We extend these two results to the function cgt in Theorems 2.23 and 3.2 respectively.

Remark 1.4. Several results for the function ¢y may be transposed to cgE with parallel
arguments. However, certain ingredients were missing in the previous works to obtain
the complete description of cgc. We emphasize two arguments that play an important
role.

(1) The quasimodular forms approach relies on the description of the character
table of the Sergeev group (Propositions 2.16 and 2.18), while the computation of
Vol® only relied on the description of the irreducible spin superrepresentations. As
a result, the expression of the differential operator d, appearing in Theorem 2.23 is
different from the conjectural expression of [6, Section 10.3].

(2) The geometric counterpart relies on the original description of cylinder con-
figurations by Eskin—-Masur—Zorich. We show that the expression of the area Siegel—
Veech constants as intersection numbers is essentially equivalent to the statement of
Theorem 1.1 above. It is interesting to remark that this approach also recovers the
result of [6] on ¢y without using quasimodular forms.

This remark is essential as it paves the way for an expression of area Siegel-
Veech constants (and sums of Lyapunov exponents) in terms of intersection numbers
for (more) general affine invariant manifolds. Indeed, this new approach only relies
on the expression of volumes as intersection numbers and could extend the present
results to affine invariants manifolds where the expression of volumes as integrals of
tautological classes is proved or conjectured.
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2. Weighted spin Hurwitz numbers and quasimodular forms

We compute cgE as the limit of weighted spin Hurwitz numbers of the torus of large
degree. By the work of [14] generating series of spin Hurwitz numbers can be exp-
ressed in terms of quasimodular forms. We extend the approach of [7] for ¢ to

compute c(“)*L

as the limiting value ¢ — 1 in the g-expansion of a quasimodular form,
or, more precisely, as the leading term of the growth polynomial associated to a quasi-
modular form. We proceed as follows: In Section 2.1 we introduce the spin g-bracket
and the symmetric functions pg. These functions serve as an analogue of both the
shifted symmetric functions Qj and the hook-length moments 7},. In particular, its
brackets are quasimodular forms and the action of the py inside strict brackets can be
encoded by differential operators.

In Section 2.2 we recall the growth polynomials of quasimodular forms and relate
this growth to the aforementioned differential operators.

In Section 2.3 we recall the representation theory of the spin symmetric group,
and explain the representation theory of the so-called Sergeev group.

In Section 2.4 we refine the aforementioned result of [14]. More precisely, we
compute the generating series of weighted spin Hurwitz numbers. Here, we exten-
sively make use of the character table of the Sergeev group. We find that strict brackets
of the px compute weighted Hurwitz numbers.

In Section 2.5 we take all these results together to prove the evaluation of cg—’ ()
as the value ¢ = 1 of the g-expansion of quasimodular forms.

2.1. Spin bracket and quasimodular forms

Denote by SP the set of all strict partitions of integers (i.e., partitions where all part
sizes are different) and by OP the set of all odd partitions (i.e., partitions where all
part sizes are odd). For f:SP — C, denote the spin g-bracket { f) € C[q] by

() e ZaeseCD D S
T LD g

where [A| := )", A; denotes the size of A. The denominator is given by

DD g = TTa-gm.

AESP m>1

For a partition A and a positive integer m, we denote by r;, (1) the number of parts
of A equal to m. Observe that for strict partitions A we have r,, (1) € {0, 1}. Moreover,
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we let

pe@) =) af = mra() (ke

m=1
1
P = —50(=k) + pk (k € Z=o)

be the symmetric power sums (with an additional constant). Note that this constant
equals

ER) =

(k+1)
with Bg 4 the (k 4 1)th Bernoulli number. Write A = C|[py, p3, Ps, - - -] for the sym-
metric algebra and assign to p; weighti + 1. Then, for all f € A, the spin bracket { /)
is known to be a quasimodular form [14, Section 3.2.2], which is made precise in the
following result. Recall that the Eisenstein series Gy, given by

Bk k—1
Gt —B Y b ez 20 g

m,r>1

is an example of a quasimodular form of weight k, and that every quasimodular form
is a polynomial in these series: the space of quasimodular forms M (for the full modu-
lar group SL,(Z)) is given by M = Q[G», G4, G¢). This space admits a natural action
of sl, by the derivations D = q%, —%% and the diagonal operator multiplying a
form by its weight. In particular, D increases the weight of a modular form by 2. For
an introduction to quasimodular forms, see [37].

In order to state this result we introduce connected brackets, following [7, Sec-

tion 11]. The connected spin q-bracket is the multilinear map (CS%)®" — C[q],

defined by
il l = 3 u(a)l‘[<1‘[fa>, @

aell(n) Aea 'acA

where T1(n) is the set of set partitions of [1,n] :={1,...,n}, and u is the correspond-
ing Mobius function u(er) = (—1)*@=1(¢(a) — 1)! with £(c) the length (cardinality)
of the partition «. Let u, u3, ... be formal variables and for p € OP, write

up = [Totpr
i

Similarly, write

Pp = l_[Ppi-
i
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We introduce the generating series W (and W°) of (connected) brackets of symmetric
power sums by

‘P(Ml,u3,---)1=<6XP(ZPkuk)> Z Z (Pey -+ Pe, Jue, -~ ug,,

n>0 wln

WOy, us, .. )—Z D (el Ipe, gy -,

">0 el, ,zn

where the sum is over all odd integers k, and odd {1, ..., {, respectively. In this
notation, the aforementioned result of [14] is as follows.

Proposition 2.1. We have

1
Uo(up,usz,...)=— Z —De(p)_lG\pl—f(p)Jrzup’
eop Aut(p)

p#0

where D = q%, Aut(p) = [],,>1 'm(p)! and Gy is the Eisenstein series of weight k
(see (2)).

Proof. We have

1
W(ur us,...) = mglf DR CXP(Z pr(A) uk)
_ exp(—%;ﬂ—k) uk) 1—[0 _exp(lij_k;jn uk)q ’

where the sums over k are restricted to odd positive integers. Then, by the properties
of the connected bracket we have exp W° = U, i.e,,

\Ijo(ul,u:;, .. )
mr
N ——ZZ( Du+ ) (1 _eXP( Zm uk))
m,r>1

=— Z( ZC( p1) Se(p)=1 + a t( ) Z mlel )= 1qmr)up,
peOP k m,r>1
pF#0D

which is easily seen to match the stated result. .

Note that this result determines ( /) for all f € A. Recall D increases the weight
of a quasimodular form by 2. Hence, if f is of weight k, the spin bracket { /) is a
quasimodular form of weight k.
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Two consequences of this result will be important for us: (i) a recursive formula
for spin brackets, and (ii) the definition of a modified g-bracket for functions of the
form p_; f with f € A. This recursive formula should be compared with the recursive
formula for the hook-length moments in [7, Theorem 16.1] and to a similar result for
symmetric functions in the non-spin setting in [33, Proposition 6.2.1].

Corollary 2.2. For all i, j > 0 with i even, the differential operators 9; ;: A — A

given by
Z 1 9t
Oi,j = e
peop Aut(p) 9p,
Lo)=J, lpl=i+Jj

are such that for all odd k > 1 and f € A one has

(pe f) = — Z (Qi,j(f))Dij+i+1-

i,j=0

Proof. Without loss of generality, we assume that f is a monomial, i.e., f = p, for
some odd partition v of length n. Then, by applying Mdbius inversion to (3), we find

<pkpv> = Z l_[ (pa1|"'|par>

aell(n+1){ay,....ar}ea

= S (TT(70)) ) oo el ol

p€OP “m>0 rm(p)
1 9t > .
= (0)
=2 o P | P Gt lol—t(o)+1- .
pEOP<Aut(p) 8pp
Note that
1 o/
0i0=20,0-1d and 0o; = —— (i,j >0).
J'op]

Following the proof of [7, Theorem 16.1] in the spin setting, we deduce that a
certain linear combination of brackets involving p_; is quasimodular.

Corollary 2.3. Forall f € Ay, the modified spin g-bracket
1
(f) = p=1f) = {p-1){f) + 52020/
is a quasimodular form of weight k, where 05 = 00,1 = %. More precisely, we have

(== > (of,(/HD'Gi.

i22,j>0

where p}" ; = pi,j + 8i2p0,j+1 and D = Q%-
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Proof. Note that determining (pg /') for all positive odd k (in the previous corollary)
uniquely determines

(rm £) == 3 ors () S mi*irigmr.
i,j>0 r>1
As p; o = ;0 - 1d, we find that (p_; /') equals

- Z@i,j(f»( ) m"“—lrfq'"')
i,j

m,r>1
- —<f>(; )
1

=Y Moo (MNP (55 +G2) = D len (/DTG

Jj=1 i=2,j=1

= (F)pot) = 2= (020 = Yoo, IND/ ' Ga = Y {oi ()N DIGi.

j=1 i>2,j>1

1
24
As (0;,j(f)) is quasimodular of weight k — i — 2 the result follows. [

2.2. Growth polynomials of quasimodular forms

Recall M =Q[G>, G4, Gg] is the space of quasimodular forms. Write M =Q[G4, G¢]
for the space of modular forms for SL,(Z). Following [7, Section 9], there exists a
unique algebra homomorphism ev: M — Q[n2][1/ h] such that

F(r) =ev[F](h) + O(e™) (g =e*™" =¢7h)

as h — 0 (i.e., ¢ — 1). We call ev[F](h) the growth polynomial of F—it is a poly-
nomial in 1/ A; for more details see the aforementioned paper by Chen, Moéller and
Zagier. In particular, this morphism is characterized by the following three properties:

() ev[F](h) = ao(f)(@2mi/h)F for F € My;
(i) ev[G,](h) = ¢(2)/h? —1/2h;
(iii) ev[DF](h) = —; ev[F] for F € M.

We will be interested in the leading coefficient of the growth polynomial. For
fi.-.., fr € A, we define the h-bracket and its leading term by

(frl - fedn=ev[(fi ]| fr)](),
k—r+1
(Sl 1 fr=1 (Sl Jr)n

im———
h—s0 (Zﬂi)k—2’+2
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where k is the sum of the weights of the f;. Note that by [7, Proposition 11.1] this limit
is well defined. By Corollary 2.3 we can extend the notation and allow an insertion
of p_1:

(p—r | Sl I frdni=evl{p—a | fi ] | fr)(),
hk r+1

(Pl frl-- 1 fr)L = OW—_Z,H(p—l N NATS 4)

The behavior as # — 0 also determines the growth of the first N Fourier coefficients.
That is, the N -bracket, which we define by

N
il | fln =S an(fiees o),

n=1

where we wrote

)= Zan(fl’-"vfr)qnv

n>0

admits the following growth [7, Proposition 9.4].
Proposition 2.4. For f1,..., fr € A of weights k1, ..., k, withk = )_ ki, we have

Nk—r+1 (zni)k—2r+2

Sl I v ={fl-1 /L T + O(N* " log N)

k—r+1 Nk—2r+2
[P—l|f1|"'|fr]N=(P—1|f1|-..|fr>LN (27i)

(k—r+ 1)
+ O(Nk_r log N)

as N — oo.

In the rest of this subsection, we will now state two lemmas we need in the sequel.
First of all, as a corollary of Corollary 2.3, we determine the leading terms of p_;
insertions. Secondly, we discuss the relationship between growth polynomials and
differential operators.

For all £ > 1 odd, we define

-1
hy = ﬁ[qu]P(u)e, where P(u) := exp(— Z 2pi uk'H). &)
Fodd

These functions are the highest weight part of the central characters f; introduced
in (7), i.e., for all odd £ > 1 the function hy is homogeneous, and f; — hy/{ is of
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weight less than £ + 1 [6, Theorem 6.7]. We will be interested in the growth of the
coefficients in the following sequences

\I/H(ul,u3, )= Z Z hzl hgn)ugl Uy,

”>0 els i

‘-IJH’O(ul,ug,, )= Z Z hgl - |he,) Ug, Uy,

”>0 els L

Z > (p-alhg, |- he, g, - ug,,

”>0 els L

24_\IJH Z; Z Z(aé(hfl "'hﬁn)) Ug, * Uy,

n>0 Lyl j=1

H, .
\IJ_1°(u1, us,.. ) .

H, .
‘6_1°(u1, us,.. ) .

By Corollary 2.3, in the spin setting [6, Lemma 10.4] reads as follows.
Corollary 2.5. The leading terms of \IJZ’O and ‘C’fl’o agree.

Let the differential operator D: A — A be given by
82

i
2P = —— 0 +4L g
+ Y (b + )P+,  3pe, 9pe,

9
Pr o

In [6, Proof of Proposition 6.10] it was shown that (we correct their formula by a
factor of 1/2)

d(f) = (D)
for all f € A, where D is the unique derivation on quasimodular forms given by
0(Gy) = —1/2 and d(f) = 0 if f is modular. This operator D is extremely useful
in determining the growth of the coefficients of F' = (f),4 for f € A. Namely, by [6,
Proposition 6.10], for all f € Ax we have

(2mi)k
hk
(Be careful that the definition of the %-bracket in [6, equation (34)] differs by a power

of 27i of the A-bracket in [7] and in this work.) Observe that the evaluation at the
partition @ of 0 is explicitly given by pg (9) = —%{ (=k).

(fon = (™D 1) (@), ©6)

Later, we will make use of the following commutation relation, which is the spin
analogue of the commutation relation in [6, Lemma 10.5].

Lemma 2.6. The commutation relation

- 9
mwﬂn=ﬂ;%m (02=5,)

holds for all f € A.
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Proof. First, observe that [0, D] = 93. Hence, by induction we find
[0}, D] = i8§+1 (i >0).

Next, again by induction, we show that
i
azo(oi — Z k_'!(Dkaé—k—H
k=0
for all i > 0. For i = O this is trivial. By assuming the result for i = j, we obtain

. J Al .
0D = Y Lkl o
k=0

! i i
%(@k-}-laé k+1+(]_k+1)@kaé k+2)

Il
M\.

k=0
j+1 . J oy
_ JK goj—kt2 JWJ—k+1) gojki2
= T ) 0
k=1 k=0
i+1 .
G+ 1)!@k8(j+1)—k+1
Lo e
k=0 ’
proving the claim. We conclude that
9, D' S :
D 2 k qi—k+1 D
poe? =" = DT = > o). .
i=0 i>0k=0 j=1

2.3. Representations of the Sergeev group

The Siegel-Veech constants are computed as the limit of (weighted) Hurwitz numbers
of the torus of large degree [7]. These Hurwitz numbers can be expressed in terms
of central characters of the symmetric group (the Burnside Character Formula; see,
e.g., [4]). Analogously, spin Siegel—Veech constants and spin Hurwitz numbers can be
expressed in terms of central characters of the spin-symmetric group [14,17,24]. More
precisely, spin Siegel—Veech constants can be expressed in terms of central characters
corresponding to representations of the Sergeev group, which is closely related to the
spin symmetric group. Following [16, 18, 19, 26], we recall some results about the
representation theory of both groups and explain how they are related. Though most
of the results are not new, the character table of the Sergeev group seems not to be
available in the literature. We explain how to derive this table from the known results
in the literature.
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The spin symmetric group &y is one of the two representation groups of the
symmetric group (for d > 4), meaning that every projective representation of the
symmetric group ©4 lifts to a (linear) representation of Ga. Explicitly, it is defined
by the central extension

0> 7/27 - By > Gy — 1
and can be presented by
Ga = (t1.....ta—1.e | &2 = L.t = e, (t;1;11)° = e, (tjtp)* = e for | j —k| > 2).

The projection 7 to &, is given by sending ¢ to the neutral element and #; to the
transposition (j, j + 1).

Note that the element ¢ is central. Hence, ¢ acts by +1 in every representation
of @d. We call representations for which & acts by —1 spin representations. These
correspond to the projective representation of ©;, whereas representation for which ¢
acts by +1 correspond to ordinary (linear) representations of ©;.

Proposition 2.7 ([31]; see also [18, Theorem 8.7]). The irreducible spin represen-
tations Vi of @4 are parametrized by pairs (A, (—1)4~¢RD) for strict partitions A.
Moreover, the character values ‘/’i (x) are determined recursively by
(i) an analogue of the Murnaghan—Nakayama rule when w(x) has only odd
cycles in its cycle type;

(ii) gai (x) = :t% VI Ai when d — £(A) is odd and 7t(x) has cycle type A;
(iii) goi (x) = 0in all other cases.

The Murnaghan—Nakayama rule for (pi is [18, Theorem 10.1]. There exists an
amusing way to describe the Murnaghan—Nakayama rule uniformly for both &,
and &4, for which we refer to the survey by Morris [26]. Note that in case d — £(1)
is odd, both cases (i) and (ii) contribute one-half to the character inner product.

Corollary 2.8. Forall A € SP(d) withd — £(}) odd

—Zwi( === —Zwi( ).

©al “G ©al ‘G

where the first sum is over all x for which w(x) has only odd cycles in its cycle type
and the second over all x for which (x) has cycle type A.

Proof. This follows from the fact that the character inner product, which is the sum
of the left and right side, is one, and that the conjugacy class of elements for which
7(x) is of type A is of size 2d!/ [ A;. [
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The sign of a permutation in the symmetric group determines a Z/2Z-grading
on &, which lifts to a Z /27Z- gradmg on Gy. Exphcltly, deg(e) = 0 and deg(t;) = 1.
The elements of degree 0 in &, form the group Ay, which is a central extension of
the alternating group. Given a partition A, we write €(A) for the parity of d — £(1).

Proposmon 2.9 ([31]; see also [18, Theorem 8.7]). The irreducible spin represen-
tations of Ay are parametrized by pairs (A, (£1)4~¢W+Y) for strict partitions M.
More precisely, lfd — L(A) is odd, then VA and V* are isomorphic irreducible rep-
resentations of Ag. If d — Z()L) is even, the representation V)L spllts as a sum of two
irreducible representations of Ad The corresponding characters at T satisfy

@) 01i (x) = 2¢()~ 1(p+ (x) when 7 (x) is of cycle type p € OP and p # A;
(ii) ai (x) = %(p_’}_(x) + %\/]_[)ti when d — £(A) is even and 7w (x) has cycle
type A;

(iii) af (x) = (/leL (x) = 0in all other cases.

Note that the values of (pi (x) determined by the Murnaghan—Nakayama rule are
real; hence, gai (x) is real if x is as in case (i) and purely imaginary if x is as in case (ii)
in Proposition 2.7. Also, note that in Ad the conjugacy class of elements for which
7(x) is of type A is of size 2d!/ [] A;. The analogue of Corollary 2.8 is therefore the
following result.

Corollary 2.10. Forall A € SP(d) withd — £(X) even,

|K_1d| (Reai(x))z = % = m Z Imai(x))

xG;d xEAd

We now return to the spin symmetric group. Spin representations are representa-
tions of the twisted group algebra

Ta := C[G4)/(e + 1).

Note that J; inherits the grading, and hence is a superalgebra. The irreducible super-
modules of 7y (i.e., irreducible Z/27Z-graded modules) can easily be determined in
terms of the irreducible modules of & .

Proposition 2.11. The irreducible supermodules of T, are given by
- Vi d —L(A) is even,
Vie vt d—LQ)isodd.

If we were only to know the supermodules of 7;, generalities on superalgebras
(see, e.g., [20, Chapter 12]) would allow us to obtain the irreducible supermodules
of ©; and A,. By doing so, we would almost be able to recover Proposition 2.7
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and Proposition 2.9. There is, however, an important subtlety: by doing so we lose
information about the characters gai and ai at x for which 7 (x) has cycle type A,
and it would require more specific information about the supermodules to recover
part (ii) in these results. Soon, we will come across the same subtlety for a different
supermodule.

Instead of working with 7, often it is more convenient to work with the Sergeev
superalgebra. Both algebras capture the same information. Before introducing this
algebra, we introduce two more groups. Let

Clg:={&1,....8a.¢ | & = 1,§ = 6,68 = e, &i&; = ;& foralli # j}

be the Clifford group, which is a central extension of (Z/2Z)%. Following Sergeev
in [32], we define the Sergeev group Se; as the semidirect product

Sey := &4 x Cly,

where &, acts on Cl; by permuting the &;. (Some authors define the Sergeev group
slightly differently by setting §* = 1 instead of §* = ¢. The representation theory of
these two groups is the same; note, however, that the two Sergeev groups are non-
isomorphic.)

Before we study the representation theory of Sey, we describe the conjugacy
classes C such that C N eC = . Namely, if the latter condition is not satisfied, every
spin representation is trivial on C.

Lemma 2.12 ([32, Lemma 5]). Let g = (0,§) € Seq and write § = e™0&{" ---&4" for
a; € {0, 1}. Then, g is not conjugate to g if and only if

(1) deg(&) = 0, the cycle type of ¢ is in OP, and Zjer aj is even for all disjoint
cycles t of o;

(2) deg(&) = 1, the cycle type of o is A € SP with £(1) odd and "

jer 4j is odd

for all disjoint cycles T of o.

The first case corresponds to the conjugacy class of a pure permutation (o,1) € Se.
Note that this conjugacy class only depends on the cycle type p € OP of o; we denote
this conjugacy class by C,. In the second case, we write C; ; for the corresponding
conjugacy class.

On Cly; we introduce the Z /27Z.-grading by setting deg & = 1. This grading extends
to Sey by additionally letting dego = dege = 0 for 0 € ©. Define the corresponding
twisted algebras by

€ :=C[Cla]/(e + 1), Xg:=C[Seql/(¢ + 1),

which both are superalgebras. The following results determine the corresponding irre-
ducible supermodules. In these results, it is important to recall that the tensor product
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of two superalgebras + and B is not the same as the tensor product of two algebras.
Instead, the multiplication is defined by

(a®b)(d ®b) = (—1)%e® @) 44"y @ (bb') (a,d’ € A,b, b € B).
The following two propositions are [20, Example 12.1.3 and Lemma 13.2.3].

Proposition 2.13. The Clifford superalgebra, denoted €y, is irreducible of dimension
ol@d+1)/2]

In particular, the character ¢ corresponding to €, satisfies (1) = 2L@+1/2)] and
{(x) =0if x # 1.
Proposition 2.14. The map ¥4: T3 ® €53 — X4 given by

581 (= &) + 1),
1®& =&
is an isomorphism of superalgebras.
We write §(A) and €(1) for the parity of £(1) and d — £(A) respectively.

Corollary 2.15. The irreducible supermodules of X4 are given by V) ® €4, where A
goes over all strict partitions. The corresponding character 0* is given by

0 x) — 2EDHD=cON/2p2 () x € C, for some p € OP,
0, x & C, U eC, for some p € OP,

where (p)k (p) is the character of V), evaluated at a permutation of type p € OP.

The structure of supermodules of X; does not directly imply the character table
of the Sergeev group, nor does seem to be contained in the literature. However, the
irreducible representations of Se; were constructed by Maxim Nazarov in [28, Sec-
tion 1]. We deduce the following proposition from his result.

Proposition 2.16. The irreducible spin representations of Seq are parametrized by
pairs (A, (£1)*P) for strict partitions A. Moreover, the character values Xi (x) are
determined recursively by

O xi(x) =27D0Xp) ifx € G,
(ii) Xi(x) = +2EW=D/2§ /TTL; when £(A) is odd and x € Cii;
(iii) Xi (x) = 0in all other cases.

Proof. First of all, observe that by the previous corollary the result holds if £(1) is
even. Namely, in that case, the irreducible representation corresponding to A equals
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the superrepresentation corresponding to A. We now follow Nazarov’s construction
in the case £(A) is odd.

First, assume d is even. Write ‘L’i for the representations corresponding to Vi.
Then the irreducible representation of Se; corresponding the pair (A, £) in the space
€; ® Viisgivenby (j =1,....d — 1)

& — &+
V2

Let x € Sey. Then, as the trace of the Clifford algebra only takes values on the identity,

(J,J + 1) —ié ® Ti([j), i~ ®d e -1

we find
A )
xi(x) = C(x)mfﬁi (p).
where C(x) denotes the multiplicity of the identity in

§o(61—&2)---§0(6n; -1 — €, )8

if we write x = (j1, j1 +1)--- (Jr, jr + 1)§, and where p is the cycle type of the
projection of x to the symmetric group. Note that this multiplicity takes values in
{—1,0, 1}. In case p € OP, we obtain

1h(x) = 2Pk (p) = 26D7D202 (),

which we could also have deduced directly from Corollary 2.15. More interestingly,

2a () = 2206002 [T,

That Xi (x) = Oin all other cases, now easily follows from the orthogonality relations,

if x € C) 1, we obtain

or by a similar computation as above.

Next, suppose d is odd. Note that €4, considered as an ordinary module, rather
than a super module, splits as a sum €; =~ ‘6; @ € of irreducible (non-super)
modules €5 of dimension 2¢~D/2 Let I = (9 3') and J = (} % ). Nazarov now
first constructs a reducible representation of Se; corresponding to A in the space
C2®et; ® V*by
§ —§i+1

V2
Write w; for the endomorphism of Vj, defined by v > (—1)%€®y_ Then, the £1-

eigenspaces with respect to the involution J ® Id ®w, form two irreducible repre-
sentations corresponding to (A, &). In particular, in this case, we obtain

o) < Deo) yd-1)/2 {ai(p) +at(p), degx =0,
1) = 2d—=t()/2
2(d—t(p))/2 ai(p) —at(p), degx =1

(J,Jj+ D I® @nul(t), &—J & QId.
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with D(x) the multiplicity of the identity in
G =&+ G =y, )8

if we write x = (j1, j1 + 1) --- (jr, jr + 1), and where the product (j, j; + 1) ---
(Jr. jr + 1) is of cycle type p (i.e., x € C,§). In other words, if x € C,, we obtain

1
1) = 20D 20l (p) = 2EBTD 20l (p) = ~6%(p).

Moreover, if x € Cj 1, we obtain

X (x) = £2¢D=0724 T, n

Similar to the spin symmetric group, we conclude that both cases contribute one-
half to the inner product of characters.

Corollary 2.17. For all A € SP with £()) odd,

! PUNEE N A (2
SorT o 2 AP =5 =g D0 AP

pEOP xeC, x€Cy

Write Seg for the subgroup of Se; consisting of elements of even degree. Simi-
larly to Proposition 2.16, we obtain the character table.

Proposition 2.18. The irreducible spin representations of Seg are parametrized by
pairs (A, (1) DFYY for strict partitions L. Moreover, the character values wi (x)
are determined recursively by

@) wi(x) = %GA(p) ifx € Cpand p # A;
(ii) 1//31E (x) = %9'1(,0) + %ZK(A)/Zi,/H)Li when £(1) is even and x € C);
(iii) Wi (x) = 0in all other cases.
Corollary 2.19. Forall A € SP(d) with £()) even,
1 1
> Reyi) =5 = —5 > (Imyiw)”

S 0
| ed | xeSeg

Finally, we end our discussion by introducing the central characters associated
to the Sergeev group. Given p € OP(d), the class sum C,, which is the sum of all
permutations in C,, acts by Schur’s lemma as a constant on a supermodule V) ® €;.
We call this constant the central character and denote it by f,(4). In fact,

e xR )
o) =1 Gimer = 'C"'dimxi = 1ol Gimy @
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where 1+ is the average of Wi and ¥ (or equal to wi if £(A) is odd). In particu-
lar, the central characters associated to Se; and Seg agree. (Note that we restricted
ourselves to p € OP in the definition of central characters.)

We extend this notation to all p € OP and A € SP, even if p and A are not of the
same size. Write p ~ p’ if the partitions p and p’ only differ in the number of parts
equal to 1, and set
£, ol < 1Al

®)
0, lpl > [Al.

f,(1) = {
where p ~ p" and |p’| = |A|. Then, by [19] we have f, € A, where A is the symmetric
algebra introduced before. More concretely, if p = (£), then by [6, Theorem 6.7]

-1
(L) = ;—;[z“‘]( [Ta-» -exp(z %pk(k)tk(l —(1- er)—k))).
j=1

k>1

k odd
(The central characters in our work agree with those in [14], but differ by a factor £
of those in [6, Theorem 6.7] and in [19, Definition 6.3].) By comparing this formula
with the definition of hy, we see that f; — hy /¢ is of weight less than £ + 1.

2.4. Weighted spin Hurwitz numbers

Let TT = (u®, ..., u®) with u® € OP(d). A Hurwitz tuple of degree d and rami-
fication type Il is an element

(aaﬂ7 Vlw--’)/n) € (Gd)n+2

such that [, B]y1 ... yn = 1 and the type of y; is equivalent to the partition )
(i.e., they only differ in the amount of 1’s).

Write Hur; (IT) for the set of all Hurwitz tuples /& of degree d and ramification
type I1. Every such Hurwitz tuple corresponds to a (ramified) covering of the torus,
which, after pulling back the flat metric on the torus, yields a differential of type w.
This induces a spin parity s: Hur(I1) — Z/27Z. By [14, Theorem 2] the spin Hurwitz
number of degree d and ramification profile I1 is given by

D DENCILCEL LN S EILTT

" heHury (IT) AeSP(d)

where f = [; fM(i) with f W) @ central character, defined by (8), and y is the Euler
characteristic of the cover, i.e.,

x = (@) = ).

1
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We generalize this result, by finding the following expression for a weighted count.
Given a Hurwitz tuple 4 = («, 8, ¥1,...,yn) and f € A, write f(a) to denote the
value of f applied to the partition corresponding to the conjugacy class of «.

Proposition 2.20. Forany f € A, we have

S (P @ =2 Y )W () ).

" heHur, (IT) A€SP(d)
Proof. Given conjugacy classes Cq, ..., Cy, in a finite group G, we define a Hurwitz
tuple for G with ramification type € = (Cq, ..., Cy) to be an element

((X?ﬁ’ Vl,---,)/n) € Gn+2

such that [, B]y1 -+ y» = 1 and y; € C; for all i. Denote by Hurg (€) the set of all
Hurwitz tuples for G with ramification type €. The sum of all elements of a conjugacy
class C in the group algebra of G acts by Schur’s lemma by a constant; this constant
is the central character fc, which we consider as a function f¢: G — C, where G*
denotes the set of irreducible representations of G. We write fe = [[cce fc. Given
an irreducible representation 7 of G and a class function f: G — C, we let

M (f,m) = — > 1 (@) xx () f(g) = ﬁ D el xx (@) xx () S (2).
le]

Gl =%

where the last sum is over all conjugacy classes [g] of G, and with y, the character
of the representation 7 and |[g]| the size of the conjugacy class of g in G.

Mutatis mutandis, the proof of [23, Theorem A.1.10] implies that for all class
functions f: G — C, we have that

He@@=— Y f@=3 feMo(fm),

|G| heHurg (€) reGN

where & = («, 8, Y1, . . ., ¥n)- In the non-spin setting, this result for G = & suffices to
prove the non-spin variant of this proposition (see [7, Proposition 6.3]). Here, it does
not suffice to let G = Se,;, as we have to take care of the sign of the Hurwitz tuple.
Hence, we complete the proof along the same lines as [ 14, Sections 3.1.6-3.1.10].

Given a group homomorphism ¢: G’ — G, h € Hurg (€) and a conjugacy class €’
of G’ such that ¢(€’) = €, we write Hurg’ (h, ¢) = Hurg: (k) for the set of Hurwitz
tuples 4’ € Hurg/(€’) such that ¢ (h’) = h. For all d > 1, write By for the group of
signed permutations, obtained by setting ¢ = 1 in Se;. Moreover, write Bg and Seg for
the subgroups of even elements with respect to the Z/27Z-grading on Se;. Note that
all these four groups B, Bg, Seg and Seg admit a natural projection homomorphism
to &y4.
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Write Hury (€) for Hurg, (€) and let 7 € Hury (€) be given. Now, in terms of
Hurwitz tuples, [14, Proposition 5] reads

(=™ _zx/z(murgd(hn | Hurge (W] | Hurge,, ()| lHufseg<h>l)
d! By [BY| |Seq | EA

Hence, summing over all 2 € Hury (€) and multiplying by f(«), we obtain

1 s(h)
> T o) = 292 (Hpe(Ba) — Hye (BY) — Hpe(Seq) + Hye(Se))
heHury (€) :

where in Hze(G) the conjugacy class € should be interpreted as the conjugacy class
of pure permutations in G.

Observe that the irreducible representations 7w of Se; such that w(¢) = 1 corre-
spond to the representations of B . In particular, My, (f, w) = Ms., (f,7) for such 7.
Hence,

Hpe(Seq) — Hpe(Ba) = ) fe(m) Mse, (f,70),

w€(Seyz)

where (Seg)” denotes the set of irreducible spin representations of Se,;. Similarly, the
result holds after replacing Se; and By with Seg and BY, so that

s(h)
Y i@ Y Mg (fm - Y felm M (i),

heHury (€) me(sed)r wE(Seq)2

At this point, we can no longer follow [14] closely. Instead, we will compute
Ms., (f, ) using Proposition 2.16. Recall the conjugacy class of cycle type p in the
symmetric group & is of size d!/z, with

= [Tm™@rm(p)! = Aut(p) H pi.
m=>0

First assume that w = 7 is associated to A € SP and £(A) is odd. Then, 7; only
takes values on the conjugacy classes C, and ¢C,. Both conjugacy classes consist of
24=4() d1/z, elements. Hence, we obtain

Mse, (f.73) = 2d+1 LY 22 (oL |mp)| f(p)

peOP(d)
= 2

—L(p
Im(p)lzf(p) =: M(f)(A).
peOP(d) P




J.-W. van Ittersum and A. Sauvaget 22

where M( f) can be thought of as the spin analogue of the Moller transform in [7,
Corollary 13.2]. Next, let nf be associated to A € SP with £(1) odd. By Corol-
lary 2.17, we find that

—£(p)

Moy (£78) = 3/ + Y TG @P £(0) = 5 f0) + M),

z
peoP(d) P

where we now also defined the Méller transform if £(A4) is odd.
Similarly, we compute MSC?Z (f,m) for all w € (Seg)’\ using Proposition 2.18.
First, suppose 7 = ) and £(A) is odd. As Iﬂ_',}_ = Xi, we find

Mo (fom) = 7 D 2-297 wL |x+(p)l f(p) = M(f)Q).

peOP(d )

Finally, let nit € (Seg)’\ with £(4) even. By Corollary 2.19, we obtain

Myg (i) =3 ) +2 Y 2

0€OP(d) o

1 1
= 3/ + M),

‘Zm(p)‘ S (p)

Recall that the central characters corresponding to all representations of Se; and
Seg agree on odd partitions. Hence, we conclude

s(h)
Y S @

heHurg (€)

=242 3" ) (=1)t® (M(f)()t) - 2(%f(l) + %M(f)(k)))

A€SP(d)

=272 3 D) Ptn@ f). .

A€SP(d)

Define the (combinatorial) £-weighted spin Siegel-Veech constant czt (d,TI) tobe
1
+ . h
cCdMmi=7 3 (=D pele.
heHurg (IT)
where h = (o, B, Y1, -+, Vn)-
Corollary 2.21. For all odd ¢,

cf(d. 1) =212 3" (=) P () pe(D).
A€SP(d)
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2.5. Recursion relation for c(’f (n)

The symmetric algebra A is canonically identified with R = Qlhy, hs,...] (see (5)
for the definition of the h;). As in [6, equation (56)], for all non-empty sets / C N of
cardinality n, we define a function 47 € R[(z;);er] as follows:

Agy =z + Y ezt

>0
Ar = Zio“)/(Zi)—ZjEA;/(Zj) _
BT A —AG)

k

1 A
Ap = (n—1) Z Z {rs l_[ l] (n =3).

k>0 I={r,s}LI11LI~--l_IIk ! i=1
£=(Ly....Lx

In the last line, the first sum on the right-hand side is over all vectors of odd positive
integers of length k, while the second sum is over partitions of / into k + 1 non-empty
sets, and we let

¢ ok

:)4)-. = ——
WA 9y, 0y,

14
Auy and  AH = 284700

Set A, = #A{1,... n}- Then for any element h € R we denote by h|y,«, € Q the image
of h under the unique ring morphism A — Q) mapping hy to the rational number oy
defined by

oy =

;;[ ]P(u)f where P(u) := eXp(é £(—s) us+1)_

Notation 2.22. If X is a connected component of a stratum # (u), the normalized
Masur—Veech volume of X is defined as

(Il = D=y mi
2(2mi)28

vol(X) := Vol(X).

We denote vol(it) = vol(# (1)) and vol* (1) = vol(FH (u)*) — vol(FH (1) 7).

Recall that the leading term (- - - )z of the growth polynomial is defined by (4), the
elements hy € A are defined by (5) and recall that 0, = %.

Theorem 2.23. We have

" 3.0x/2

. = _+|h,,. |---|h

co (1) 27t2-|;L|-V01(/,L)<p |- [, )
—2x/2

- 1672 - || - vol(pk) [Z;nl w02y "] 020hn I -
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Proof. We compute cg: as the limit of Hurwitz numbers of the torus of large degree:

Zd 1(, (d H)
voo 2 Zd=1Nd<H>

where I1 = ((my,1,...,1),...,(my, 1,...,1)), N;(H) is the number of connected
torus covers of degree d with ramification profile IT, while cfl"’ (d, IT) is the sum
over those covers with —1st Siegel-Veech weight and with sign given by the parity.
The proof of this formula is obtained from a direct transposition of the proof of the

i (n) =

analogue result for co(@) given by [7, Proposition 17.1]. Note that by [13] we have

that
[i]+1

D D
N(T) ~ Vol(11).
dX—:l al )D*wlu|+1 olG)

By Corollary 2.21 and the inclusion-exclusion principle used to obtain connected
cover counts from possibly disconnected ones, we have:

C°(d TT) = 22 2[q 4 pelfn, | -+ 1)

where the connected g-brackets were defined by (3). The growth rate of the connected
bracket is determined by Proposition 2.4. Note 2 — 2g = y = n — |u|. Therefore,
3 2P palfmy [ I, ID

— 1
71-2 Dl_I)noo Dlul+1 Vo 1( )

Tul+1
[l +1 .
lim 2X/2(p 1|fm1| |mn>L(|DMT+1)1(27”)2g
— 11

2 Dlul+1
T< D—oo Vi
Tul+1 ol (1)

& ()

n

3 2X/2(p—1|fm1|"' |fmn L l—[

T2 2ulvoly M
ER G S )
72 2ulvol(w)

where the last equation follows as f; — hg /£ is of weight less than £ + 1.

We denote by Aut(m) the cardinality of the stabilizer of the action of &, on
(mq,...,my), and recall N C(w), ‘€f11°(u) WH (u) and WH-°(u) defined in Sec-
tion 2.2 and their correspondlng L-brackets. Then, by using Corollary 2.5, we find

(Pt |- My )L = e [ty ===, ]9 ()

= [t - Um, ] ().
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By (6) and Lemma 2.6, we see that the leading term in % of e 1% (w); and %
agree, i.e.,
-1 1 W (u)L
lhy |---|h - ... = Vb
(p—1lhy, |-+ [, )L 24 Aut(m) [Um, -+ Um,] UH (u),
-1 1
- 9, pH-°
24 Au(m) [+ Uma ] 0297 (@)
-1
= (27" 2] B2 A hyrsery
where, for the last equality, see [6, Proposition 6.9 and Corollary 6.11]. ]

3. Twisted graphs and the boundary of the Hodge bundle

Fix pu, g, n as in the introduction. We will consider the following cohomology classes
of the projectivized Hodge bundle:

* the tautological class £ = ¢1(O(1)) € HZ(IP’J?g,n, Q)

» the Poincaré-dual class of the locus of curves with a non-separating node 8o €
H?(Mg 0, Q);

* the Chern class of the cotangent line at the i th marking v; € Hz(e/\/_(g,n, Q) for all
1 <i<n.

Forall 1 <i < n, we denote
= §2%72 (]‘[ m; - wl) ©)
J#i

Let X be a component of # (). We denote by P X the Zariski closure of the projec-
tivization of X . In [6,9,29], it was shown that

vl = [ pig

forall 1 <i < n (see Notation 2.22 for the definition of vol and VOI:E). Here, we will
consider the following intersection numbers for all 1 <i < n:

i) = [ fi-do
PX
The purpose of the rest of the paper is to prove the following result.

Theorem 3.1. For all connected components X of # (), and 1 <i < n, we have
—m; di(X)
472 vol(X)’

Ccyl,i (X) =
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For all X, the number d; (X) is independent of the choice of i (see [6]). Besides,
we recall that cey(X) = Y 7_; Ceyt,i (X) is related to ¢o(X) via the Vorobets rela-
tion (1). Thus, Theorem 3.1 directly implies Theorem 1.1 and the following expres-
sion for the area Siegel-Veech (SV) constants of connected components, which is a
new check that the class §; represents the Kontsevich—Zorich cocycle (see [11,21]).

Theorem 3.2. For all connected component of a stratum of abelian differentials X,
andall 1 <i <n, we have

Lol di(x)
colX) = 472 vol(X)'

As SV constants of hyperelliptic components are explicit and Theorem 1.1 holds
trivially for these components, we only need to consider the SV constants of strata
and their weighting by their spin sign

di(p) = di(H () and  dF () = di(H (W) = di(HG)").
Then, to prove Theorem 3.1 we need to prove that the identities
—mi d,':t ()
472 vol(u)

hold for all (odd) partitions w and for all 1 <i < n. Besides, we will show that Theo-
rem 3.1 holds when we set i = 1 (the general case follows immediately by permuting
the entries of ). We proceed in two steps:

—m;  di(p)
472 vol(u)

Ceyl,i (M) = and ccj):/l,i(/") =

(1) Inthe present section we use intersection theory to express the numbers d; ()
and d li (w) in terms of the functions vol, vol® and intersection numbers in genus 0
(see Proposition 3.11).

(2) In the next section we use arguments of combinatorics to show that Proposi-
tion 3.11 may be rewritten as the sum of the contributions of cylinder configurations
in the sense of [12] thus finishing the proof of Theorem 3.1.

3.1. Twisted graphs
We recall here the definition of twisted graphs of [15]. A stable graph is the data of
I = (V,H,g:V —Zso, H—>H, ¢: H—>V, H" ~ [[l,n]]),

where
e anelement v € V is called a vertex. We denote by g(v) the genus of v.

* anelement i € H is called an half-edge. We say h is incident to ¢ (h), and write
h +— v if ¢(h) = v. Moreover, we denote by n(v) the valency of the vertex v,
i.e., the number of half-edges incident to v.
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» the function ¢ is an involution. The set £ consist of cycles of length 2 for ¢, which
are called edges.

» the fixed points of ¢ are called legs. We write n for the number of legs, and identify
the set of legs with the set [1,n] :={1,2,...,n}.

» for all vertices v we have 2g(v) —2 4+ n(v) > 0.
* the graph (V, E) is connected.
The genus of T is defined as

gM)=h"(D)+ ) g) withh'(I) = |E|— V] + 1.
veV

An automorphism of T consists of automorphisms of the sets V' and H that leave
invariant the data g, and ¢. A stable graph is said to be of compact type if k' (T") = 0,
i.e., if the graph is a tree.

Definition 3.3. A twist on a stable graph I is a function m : H — Z satisfying the
following conditions:

* Forallv e V, we denote by w(v) = (m(h))p—, the vector of twists at half-edges
incident to v. We impose

def
Iu(v)l( e 3 m<h>) — 26(0) — 2+ n(v).
h—v
e Ife = (h,h)isanedge of T from v to v’, then we have m(h) = —m(h').
» There exists a partial order > on V such that for all vertices v, v’ connected by an
edge (h, ') we have (v > v') & (m(h) > 0).

For an edge e = (h, h') from v to v/, we call m, = |m(h)| the twist at the edge.
If m, = 0 (or, equivalently, if v > v’ and v’ > v) then we will say that the edge is
horizontal.

A twisted graph is a pair (I, m), where m is a twist on I'. It is said compatible
with an integral vector p of length n, if the twist at the ith leg is equal to m;.

Most of the twisted graphs that will be considered will be in the following set.
Definition 3.4. A twisted graph (I', m) is a graph of rational type if it is of compact
type and there exists a partition of the set of vertices V(I") = R(I") U D(T") satisfying:
* the twists at the legs are non-negative.

e g(v) =0 < v e R() (the set of rational vertices).

o if v € D(T) (the set of decorations), then all half-edges incident to v have positive
twist.
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Remark 3.5. In this definition, the twist and the partition of the set of vertices are
uniquely determined by the underlying stable graph and the twists at the legs in [1,7].
In particular, an automorphism of I' automatically respects the twist function. Thus,
to keep the notation simple, we denote by I" a graph of rational type.

Definition 3.6. A twisted graph (I, m) is a bicolored graph if there is a partition of
the set of vertices
V(I) =VouV_y

such that all edges connect a vertex v € Vj to a vertex v’ € V_; with v > v’.

A bicolored graph is a rational backbone graph if it is of compact type, has a
unique vertex in V_; of genus O which carries the first marking, and all vertices of V}
have positive genus (note that a rational backbone graph is of rational type and satis-
fies D(I') = Vp and R(T") = V_4).

3.2. Boundary of strata of differentials

If w is a vector of (not necessarily positive) integers of length n with |u| =2g —2 +n,
then we denote by # () the moduli space of objects (C, x, n), where C is smooth
and 7 is a meromorphic differential with ordy, (7) = m; — 1 forall 1 <i < n. This
space is canonically embedded in the vector bundle

TxWe, I Mgn (p1- D1+ -+ pn- Dn),

where 7: ‘gg,n — Mg,n is the universal curve, D; is the divisor associated to the
ith marking, and p; is a positive integer bigger than —m; for all 1 <i < n. The
incidence variety compactification P J (1) is the Zariski closure of PJ# (u) in the
projectivization of the above vector bundle. The geometry of P # (1) does not depend
on the choice of the p;’s and was described in [2].

3.2.1. Residue conditions. If p has r non-positive entries then we denote by ()
the subspace of C” with sum equal to 0. If R is a linear subspace of $(u), then we
denote by # (11, R) C # (i) and PH (i, R) C PJH (1) the space of differentials with
residues in R (up to a scalar in the projectivized case).

3.2.2. Boundary components of PJ (). We recall that a non-trivial stable graph "
determines a boundary component of the moduli space of curves

I‘:Mr = l_[ Mg(v),n(v) — Mg,n
veV ()
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with g = g(I") and n the number of markings. A bicolored graph (I", m) determines
two moduli spaces:

H(T,m, Ry = [ ] #(u(), Ry),
vely

H(Tm R = [T # ). R,
veV_y

where for all v the vector space R, is defined by the so-called global residue condition
defined in [2, Definition 1.2]. Moreover, it determines a morphism

{army: PH (T, m, R)og x PH(T,m, R)_; — PH (i, R).

Denote by P K (I, m, R) the Zariski closure of the image of this morphism.

Besides, if (I', m) is a twisted graph with exactly one horizontal edge, then we
denote by PH (T, m,R) C PH(u, R) the subspace of differentials whose underlying
curve sits in the image of Mr. With these notations at hand, P # (i, R) is the union
of the PH (T, m, R) for (', m) bicolored graphs and twisted graphs with exactly one
horizontal edge compatible with .

3.2.3. Generalization of spin parity. If yis odd, then the parity of a point (C, x, 1) €
FH (1) is the parity of h°(C, O((my —1)/2 + -+ + (m, — 1)/2)).

Besides, if u has only odd entries apart from the first two which are equal to 0,
and R C J(p) is the vector space defined by ry + r» = 0, then the parity of a point in
(C,x,n) € H(u, R) is defined as the parity of the differentials in the desingularization
of the node created by attaching the two poles of order 1 (see [3] for the details of this
construction). Then, as in the holomorphic case, we denote by

[PJ (1, R)F = [PH (1, R)]T — [PF (. R)] ™,

where [-] stands for the Poincaré dual class of a subspace (here we consider P (u, R)
as a subspace of a projectivized vector bundle of differentials with large enough
poles).

3.3. Functions defined by intersection numbers in genus (

Here, we define three functions f, ¢, and ¢ as intersection numbers on strata of
differentials of genus 0. We also show how to compute these functions recursively.
The results collected in this section will only be used in Section 4 to manipulate the
sums indexed by different families of graphs of rational type.
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3.3.1. The f-function. Let u = (my,ms,,...) € Z" be vector of length n > 3 such
that: no entry of u is equal to 0, m; and m5 are positive, and || = n — 2, where
lu| = 37—, mi. Then, we define

= [ oo TT mive

i>3
s.t.m; >0
where {0} stands for the trivial vector space.' This function may be computed induc-
tively by using twisted graphs. We fix an index i in [2,n] \ {3}. We say that a twisted
graph T" of genus O is of rype f; if it has exactly two vertices vg > v_j, one (non-
horizontal) edge e and satisfies:

* thelegsi and 1 are on one of the vertices, and the leg 3 is on the other one.
» the vertex vo (respectively v_;) has exactly 1 (respectively 2) of the legs with
index in {1, 2, 3}.

In Table 1 we represented the graphs of type f> and f; with m; < 0 below (the last
case m; > 0 and i > 2 will not be used in the rest of the text). Moreover, we write
I' - f; to denote that I is of type f; and compatible with . Then we set

S@) = f(uv-1)) - f(1n(vo)),

where we order the entries of p(v_;) and u(vo) in such a way that the first entries of
w(v_y) are the m;’s for the values j € {1,2, 3} and incident to v_;, while the first
entries of u(vo) are m, and m; for the last value j € {1, 2, 3}.

Lemma 3.7. Ifm; < 0 fori > 2, then we have

F) = =3 [T 2

i>2
where [t™2] stands for my-coefficient in the variable t. Moreover, if mz > 0, then for
alli € [2,n] \ {3} we have the following relation:

Sy =m3 Yy f(),

'+ fi
where the sum is over all twisted graphs of type f; compatible with L.

This lemma generalizes [6, Proposition 2.1] where the induction formula is proved
for the case i = 2 (i.e., the third marking is separated from markings 1 and 2). In the
present work, we will apply this lemma to cases where i is a marking with m; < 0.

'Note that this definition differs from the function sp1 in [6, Section 2.2] by a product of
the m; .
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Proof. We use the same approach as in [6]. For all i, we have

Y3 = Yo Cre)s(D) € HA(Mg 0, Q),

2c{l,...,n}\{1,i,3}

where I'y is the graph with one edge and one of the vertices carries the markings
in ¥ U {1, i} while the other vertex carries the other markings. There is a unique
twisted graph structure m on I' which is compatible with p. Then the intersection
of ({ry)«(1) with p«[PFH (i, {0})] is transverse (we recall that p: PJ () — J\Zg,n
is the forgetful morphism of the differential) and given by p[PH# (', m, {0})]. The

integral of
[T mivi
i>4
s.t.m;>0

is non-trivial if and only if the unique structure of twisted graph on the stable graph
defining 8y satisfies the constraints of the type f; for dimension reasons. In that case,
the space P# (I", m, {0}) is isomorphic to

P H (. {0}) x P H (11-1.{0})
the integral is given by f(I'y) (see [6]). ]

We use this lemma to show another identity satisfied by the function f. For
i € [3,n], we say a twisted graph is of rype f; if it satisfies the same conditions
as for the type f;, but interchanging the roles of the markings 2 and 3. Its contribution
is also determined by the same formula as for graphs of type f; by interchanging the
roles of the markings 2 and 3.

Lemma 3.8. Ifmy, my, m3 are positive, then we have

D (me+m3) f(T) = ) (me + ms) f(T).

TF £ TFf]
Proof. We have the following identity in H* (Mo 42, Q):

(33 — maya) pu[P I (1, {0})]
= Y mpop[PHT.mAOD] = Y mpmps[PHT.m.{0})].

I'eBics 3 I'eBic3 »

where Bic; ;- is the set of bicolored graphs with the leg j incident to a vertex in V_;
and j' is incident to a vertex in Vo (see [30, Theorem 6]), and mg(ry = [[oeg(r) Me
(and we recall that p: P # () — Mg, is the forgetful morphism of the differential).
We intersect this identity with

1_[ miy;.

i>4
s.t.m; >0
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On the left-hand side, we use Lemma 3.7 as sums over graphs of type f> or f;. On
the right-hand side, only the graphs of type f> and f; give a non-trivial contribu-
tion on the right-hand side (see [0, Section 2.4]. All-in-all, we obtain the following
expression:

S msfT) = Y maf (@)=Y mef(T)~ 3 me f(T).

T+ f> T-f5 T3 T-f>
which is the desired identity. |

3.3.2. The ¢-function. Now, let i be a vector of length n + 2 satisfying: m; is
positive, m,1 and m, 4+, are non-positive, no other entry is zero, and |¢| = n. Then,

w(u)=/ _ m; Vi,
P#H(,R1,2) H

i>2
s.t.m; >0

we denote

where R > is the vector space defined by 7,1 + 1,42 = 0 while all other residues
are equal to 0. Moreover, if all entries of u are odd apart from m,+; = mu4+, = 0,

we denote
+
@ (M)=/ _ mi ;.
[PJ(u,R1 2)]E 1_[

i>2
s.t.m; >0

We will need three types of graphs of rational type of genus 0 to compute ¢ and ¢+
inductively (see also Table 1). A graph of rational type I is of:

Type ¢, if it has one edge e, the legs 1, n + 1, and n + 2 are incident to a vertex v—;
which is lower than the vertex vq carrying the leg 2. Then, we set

o(T) = p(u(v-1)) - f(1(vo)).
9= () = ™ (w(v-1)) - f (o)),

where j1(v—1) = (my, ..., Mu41,Mu42) and (vo) = (M2, me, .. .).
Type @] is defined similarly but we impose that the leg n + 2 is incident to vertex vo.
Then, we set

e(T) = @(u(v-1)) - f((vo)),

where pu(v—q) = (m, ..., Myy1, —Me) and w(vy) = (mz, Me, ...) (note that this
configuration may only occur if 71,4, is negative so we do not need to define ¢ for
such a graph).

Type ¢ if it has one edge e, the legs 2 and n + 2 are incident to a vertex v_; which
is lower than the vertex vq carrying the legs 1 and n + 1. Then, we set

o) = g(u(v-1)) - f(1e(vo)).
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where w(v—y) = (ma, ..., my42, —me) and w(vg) = (my, Mme, ...) (here my4q is
negative thus we do not need to define ¢+ for such a graph).

Type @ if it has one edge, which is horizontal, the legs 1 and n 4 1 are incident to a
vertex v and the legs 2 and n + 2 to the vertex v,. Then, we set

e(I) = (1)) - e(rn(v2)),
(1) = —pF (1)) - 9* (1(v2)),

where w(vy) = (my,...,my41,0) and w(vg) = (Mma,...,0,my42).

Type @3 if it has two edges, both not horizontal, and the legs 1 and n + 1 are incident
to a vertex v, the legs 2 and n + 2 to a vertex v, which are both connected to an
upper vertex vy with edges e; and e,. Then, we set

o(I') = (me; + mey,) - @((v1)) - f(11(v0)) - P(1(v2)),

where w(vi)=(my,...,Muqp1,—Me,), W(V2)=(M2,...,—Mey,Muy2) and pu(v_1)=
(Mey, Mey, .. .).

The function ¢ may be computed by the following lemma.

Lemma 3.9. [fm; <O foralll <i <n, then
n
o) = (n— D! [(=mi) and ¢*(n) = —(n — 1.
i=2

If my > 0, then we may compute ¢ and <pi recursively

o(p) = my Z p(I),

The1,01.07 02,03

e =my Y 9=(I),

Tte1,02

where the sums are over graphs of type 1, ¢}, ¢, @2, or ¢3 compatible with .

Proof. The base cases of the lemma will be established in Section 4 with the language
of chains and cylinder configurations.

To prove the induction formulas, we use the same strategy as for f. We use the
following relation in H2(Mg 12, Q):

Yo = Z 8z € H*(Mon+2,Q),

2c{3,...n+2}\{n+1}

where 8y = ({ry)«(1), and I's for the unique graph with one edge and one vertex
carrying the legs in {1, n 4+ 1} U X (while the other one carries the others).
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Type of twisted graph Contribution
Type /2 f
—my
ms
\
mi my
Type f; (with m; < 0) f

Type ¢1 f

Mp4+1 - —

Type ¢}
Mp4+1 - — @
mi
Type ¢f £

Table 1. The types of twisted graphs involved in the induction formulas defining f and ¢. Only
the twists at the first legs and the half-edges of the edge are indicated. Besides, the letters f or ¢
above each vertex indicate which function is used to define the contribution of the graph (cont.
on next page).
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Type ¢2 P P
Mp4+1 — — -~ Mp42

mq mo

Type ¢3 f

(p +me1 +me2 (p
41 —%

mn+1“‘@

ni nmy

Table 1. The types of twisted graphs involved in the induction formulas defining f and ¢. Only
the twists at the first legs and the half-edges of the edge are indicated. Besides, the letters f or ¢
above each vertex indicate which function is used to define the contribution of the graph (cont.).

Let X be a set appearing in the expression of ¥,. The schematic intersection of §x
with PJ (i, Ry 2) is the union of all divisors of P (i, Ry ) defined by bicolored
graphs or twisted graphs with one horizontal edge and which have an edge which
separates {1,n + 1} U X from the other legs. To compute the intersection number of
(85 - [PH (1, R12)]) with

we only need to consider the twisted graphs that do not vanish once we push forward
the class [IP’J?(F, m, Ry )] along p: ]P’J?(,u, Ri2) — ,/\/_to,n+2. This is the case only
for the types of graphs @1, ¢}, @1, ¢ and @3. Namely, as there are exactly two poles
with opposite residues, there may be only two vertices per level. Indeed,

o if (I, m) has a unique horizontal edge, then the two poles n + 1 and n + 2
should be carried by the two distinct vertices. Otherwise, the residue at the edge
would vanish and the graph would define a space of dimension smaller than
dim(PJ# (u, Ry 2)) — 1.

» if (I', m) is a bicolored graph, then V_; may have up to 2 vertices and V; only 1.
If V_; has two vertices, then necessarily, each vertex carries one of the poles with
non-vanishing residue. This gives the type ¢1, ¢}, ¢ and ¢3.

The multiplicity of the graphs of type ¢1., ¢/, ¢, and ¢, is one as for the graphs of
type f. Thus we only need to show that a graph (I", m) of type ¢3 contributes trivially
to the function ¢* and with multiplicity Me, + Me, 10 Q.
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To do this we choose i = 1 or 2. Then the edge e; determines a set ¥ as: the set
of legs incident to the vertex v; if i = 1, and the set of legs incident to the vertices v;
and vg if i = 2. In both cases we will show that

85 - [PH (i, Ri2)] = ms—; [PH (T, m, Ri2)],

while 8x - [PH (11, Ry 2)]T = 0. Indeed, a generic point y € PJ (T, m, Ry ;) has
neighborhood in PH (i, R1,2) given by A x G x U, where U is neighborhood of y
in PH(I',m, Ry ), G is a discrete set of cardinality gcd(m,, , me,), and A is an open
disk of C containing 0 parametrized by some parameter € (see [30, Lemma 5.6]).
Moreover, the neighborhood of the node corresponding to e; in the universal curve
€ — A xG x U is given by z x w = € 0merMez)/Me; Therefore, the intersection
of IP’J?(,LL, R1,») with 8y is equal to
lem(mey,me,)  me me,

ged(me,, me,) - ,

M, Me;

which is the expected contribution for the function ¢.

Spin parity. To prove the induction formula for ¢*, we need to compute the parity
of differentials closed to divisors of each type (as mentioned above we do not need to
consider the type ¢} and ¢/ here).

The degeneration of type ¢, separates a genus 1 curve from a genus O curve via
a separating node, therefore the parity of the limit curve is the sum of the parities on
each component, but as the parity in genus 0 is always even, the parity is determined
by the vertex carrying the poles of order 1.

For the type ¢; we compute the parity on a smoothing of the degenerated curve by
considering index (or winding number) of the flat structure along two cycles: a cycle A
which is a closed curve in the cylinder that is bounded by x,+1, and a cycle B which
goes from X, 4+ to x,4». Then the parity of the differential is computed as

(indg + 1)(ind4 + 1)(mod 2)

(see [12, Section 5.1] for instance). The index along A4 is 0 as a periodic curve does
no rotate a tangent vector. Therefore the parity of the differential is determined as the
parity of indp + 1. When the curve degenerate this cycle breaks into two cycles Bj
and B, for which indg = indg, + indp,. Therefore the parity of the nearby differen-
tial is equal to

(indgp + 1) = (indp, + 1) + (indp, + 1) + 1(mod 2),

and thus equal to minus the sum of parities of the limit differentials of each compo-
nent.
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To compute the parity for the situation @3 we consider the parity of the generic
element in

U x{y} = (A\{0})

for an element in y € G as described above. As both vertices have even twists, half of
the elements of G give even or odd parity (see [10, Proposition 5.2]). Therefore, the
intersection of 8y, with [PJ# (u, R1,2) 1] — [PH (i, Ry 2)7] is trivial. ]

3.4. Intersection of strata with §¢

From now on, p is a vector of positive entries. We recall from [6, Theorems 1.2
and 6.2] the following induction formula for the normalized volume (Notation 2.22).

Proposition 3.10. Ifn > 2, then we have the following relation:

vl = Y f(u(v_l))% [T vol(ecw).
reBB(u)2 velp

ol = Y fuwoy BB T )

g _FeBB(,u)z e | Aut(D)] velp : ’

where BB()2 is the set of rational backbone graphs compatible with . such that the
second leg is incident to the vertex v—_y in V_1, and where pu(v—1) = (my,ma,...) is
the vector of twists at half-edges incident to v_;.

Remark that the spin part of Proposition 3.10 is slightly different from [6, Theo-
rem 6.2] but both statements are equivalent. Indeed, this theorem expresses the volume
of the odd and even components separately, but the difference between the two expres-
sions gives the simpler expression above.

Here we will prove the following expression of the functions d; and d li’ in terms
of the volume function.

Proposition 3.11. For all u, we have

[Tece@) me
dw = > o) 5=ED =TT vol(u(v)),
2 | Aut(T)|
TeBB(1)o veVo
+ + [ecr(r) me +
difw = Y T (ue-0))5 s [ vol* (u(v)).
2 | Aut(T)]
I'eBB(1)o velp
where BB(14)g is the set of rational backbone graphs compatible with (m1, ..., my,

0, 0) with the legs n + 1 and n + 2 incident to v_1, and p(v—1) = (my,...,0,0) is
the vector of twist at half-edges incident to v_1.
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Proof. To prove this proposition we will proceed in two steps:
(i) we express 8o - [P (11)] in terms of boundary component of P # (11);

(i) we use the results of [30] to compute the intersection of £ with these boundary
components.

Intersection of strata with §y. Let X be connected component of PH (n). Up to
loci of co-dimension 2, the schematic intersection of PX and 8y is contained in the
union of the spaces P#H (I, m), where (I, m) is either the unique graph with one
non-separating horizontal edge, or a bicolored graph with 2!(I") > 0. We will show
that graphs of the second type contribute trivially to the integral of 8; (see (9) for the
definition of ;).

Let (I, m) be a bicolored graph with 21 (I") > 0 and let X be a connected compo-
nent of 4 (I", m). We have

n
Br-[PX] = pu(82672-[BX)) - [ [ mivi.
i=2

where p: PJH (i) — My, is the forgetful morphism of the differential. We have
P« (E2672.[PX]) = 0 by [6, Proposition 3.10] (actually the proposition is given there
for the complete stratum P # (i), but the arguments can be transposed directly for all
connected components). Therefore, as §¢ intersects transversally along (I'g, mg), the
unique graph with one non-separating horizontal edge, we have

1 B n
d=[ =i @[T,
PH (To,mo) P (1.+(0,0)) i=2

(the factor 1/2 comes from the automorphism group of (I'g, m¢)). Moreover, we also
get the spin analogue

1

diE (1) = /
! 2 Jip g (u+(0,00))%

n
262 [ [mivi.
i=2
Expression of € on PJ# (i + (0,0)). We use [30] to write £ as a linear combination
of boundary divisors. Indeed,

£- []P)J?(/L + (0, O))] = []P’J?(,u + (0,0), {0})] + boundary terms.

However, P# (i + (0, 0), {0}) is empty as there can be no pole of order exactly one
with vanishing residue. The boundary terms are supported on the strata H (I, m) for
all bicolored graphs (I', m) in By the set of graphs with the two poles incident to
vertices of V_;. Then we write

E-[PHE+©0.0)]= > ( I1 me)-[m?(r)]+A,
ecE ()

r'eBB(u)o
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where A is supported on the union of strata associated with graphs in By \ BB(1t)o.

/ g3 [Twi =0. (10)
A i=2

To do so, we chose a connected component X of #(I', m) for a twisted graph of
Bo \ BB(14)0, then we will show that [, 5§67 []7_, ¥; vanishes. First, if we assume
that (I", m) is not a rational backbone graph, then

We will prove that

p«(E72 - [PX]) =0

by the same arguments that were used to prove [6, Proposition 3.10]. Now we assume
that (I, m) is a rational backbone graph. Then # (I")_; has dimension n_;, where n_
is the number of legs in [1, ] incident to the vertex of V_y. Thus its projectivization
has dimension n_; — 1, and we obtain

n
f [ [wi=0
]P’Jf(r*,m) i=2

unless 1 is incident to the vertex of V_; which implies the identity (10).
Finally, if (I', m) € BB(t)o, then we have

n
- p(u(v-1))
e T = 20D T oy,
P (T,m) i | Aut(D)]
So we obtained the desired expression of dq(u). Also, if u is odd, then we have

n +
2¢-3 = 2 (1 (v-1)) +
/[M(r,m)lig illml% | Aut(I")| [] vor ).

vely

Indeed, a backbone graph is of compact type thus the parity of a generic element of
H (T, I') is defined as the product of the parities of the elements in # (1 (v), Ry) for
all vertices of I" (see [8]). [ ]

4. Chains and cylinder configurations

In this section we use Proposition 3.11 to express dy (i) and d (i) as sums over
cylinder configuration.
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4.1. Chains

Here we define a category of graphs called chains to encode cylinder configurations
in the spirit of [5].

Definition 4.1. A chain is a graph of rational type " with n 4 2 legs and a partition

D) = F(I') U P(I) satisfying the following constraints:

* m(n+1) =m(n + 2) =0, and the other legs have positive twists. Moreover, the
first leg is incident to the same vertex as the (n + 1)-st.

* Ifve F(I') (set of “figure eights” in the terminology of [12]), then v has exactly 1
incident edge.

o Ifve P(T) (setof “pairs of holes” in the terminology of [12]), then v has exactly 2
incident edges.

* Each vertex in R(I") has exactly two of the following half-edges: the leg (n + 1)
or (n + 2), or the half-edge of a horizontal edge or of an edge to a vertex in P(I").

 Each vertex in R(I") has exactly one leg with index in [[1, n].

We say a chain I' is odd if all positive twists are odd. Denote by CH(;1) and CH(¢)°%
the set of (odd) chains compatible with (m1, ..., my,0,0).

Observe that each vertex has an even number of incident half-edges with even
twists. Asm(n + 1) = m(n + 2) = 0, it follows that each vertex in R(I") has at least
two incident half-edges with even twists. Hence, if T is odd, then P (T") is empty.

Definition 4.2. Let 1 <i <n. A cylinder configuration marked by x; is the data of: a
cylinder configuration of a stratum of abelian differentials (in the sense of [12] or [5]),
and the choice of a side of one of the cylinders which is bounded by the marking x;.

The data of a cylinder configurations marked by x; is equivalent to the choice of:
(i) achainin CH(w);

(ii) an order on the vertices in F(I") connected to v for all v in R(T");

(iii) an integer 1 < a, < m, for all edges incident to a vertex in F(I") or P(T');

(iv) a choice of connected component of the space # (u(v)) for all v € F(I")
and P(I"). We use this fact to express the number ccy1,1(/4) as a sum over
chains.

Example 4.3. In Figure 2, we represent a chain for 4 = (6, 6, 3,2,2,2,2). The ver-
tices in R(T"), F ("), and P(I") are colored green, red, and blue respectively. Using
the notation of [12] (in particular the non-logarithmic convention), the configurations
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Figure 2. Example of chain in CH(6, 6, 3, 2,2, 2,2).

associated to this graph are of the form:

= (al + (1 —Oll), 1) - (T,6,2, 1) = (Ol2 + (1 _a2)’ 1) - (O+O) =,

or

=S +0—a), )= (1,0,2,1) = (040) = (a2 + (1 —a2), 1) =,

for @y and a, equal to O or 1. Here o; = a; — 1 in our system of notation.
Let I" be a chain. We define the contribution of a vertex v of I according to the

type of vertex:

e ifv e R(I), thenc(v) := m;(n(v) — 3)!, where m; is the marking of the unique
leg incident to v;

o ifve F(T),thenc(v) :=me|u(v)| vol(i(v)), where e is the unique edge incident
to v;

e ifve P(T), thenc(v) := |u(v)|vol(i(v)).

Then, we define

— 1 ~
cont(I') := m vel;l(r)c(v).

If yu is odd and T is odd, then we define &% (v) := m; (n(v) — 3)! for a vertex v € R(T"),
and ¢*(v) = —|u(v)| vol= (u(v)) for a vertex v € F(I'), and we set

. At
cont™(T) := AT [] & w.

velV(I)
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Proposition 4.4. The following identity holds:

(—4n?)~1

3 vol () Z cont(I").

T'eCH(u)

ccyl,l (,l,L) =

Moreover, if 1 is odd, we have

2\—1
4 (—4m~) —
e () = ——— E cont™(I").
cyl,1

2 vol(u) FeCH

Proof. Let I be a chain graph. We choose a connected component X, of # (u(v))
for each vertex of F(I") and P(I"). All the marked cylinder configurations with chain
graph I" and with the same choices of (X,) have the same Siegel-Veech constant,
given by

’

( [ m(e)) [Toenay 5 11)[! Vol(# (X))
e€E(T) (%|ﬂ| — 1)!' Vol(J (1))

see [12, formula (32)].”> Now, we can use the expression of the normalized volume vol
given in Notation 2.22 to rewrite this Siegel-Veech constant as

(=472t
vol(12) ( [ ml)( I1 |/«L(U)|'V01(Xv))-( I1 |/L(U)|-V01(Xv)),

veR(T) veF(T) veP(I)

where, in the first product m; is the twist of the unique leg incident to v € R(T")
(see [12, formulas (13.1) and (14.4)]). Besides, there are

(L0 =91)-(_TT )

veR(I) e—veF(T)

such configurations. Indeed the first product accounts for all choices of orders on
the vertices of F(I') connected to the vertices in R(I"), while the second product
accounts for the choice of the a, for edges incident to the vertices in F(I"). Thus
the first identity follows as ccy1,1 (1) is the sum of the Siegel-Veech constants of all
configurations.

To obtain the second identity, we recall that if I' € CH(u) \ CH(xt)°% then half of
the choices of tuples (@¢)eve F(r) contribute to the even or odd component (see [12,
Lemma 14.4]). Thus the contribution of the odd and even components compensate

2This formula is written with the real dimension d of the stratum or d,, for the stratum of
the vertices in D(I"). Here we have used the fact that d = 2(|u| + 1).
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and I" contributes trivially to ccf';l,l(p,). Besides, if I' € CH()°%, then by [12, Lem-

ma 14.2] the parity of the configuration is the parity of

I+ Y ae+ Y $(Xy),

e—>veF () veF(T)

where ¢ (X,) equals O or 1 if X, is an even or odd component respectively. Thus, for
each edge e incident to a vertex in F(I"), we have (a, — 1)/2 terms which give the
same parity while the other (a, + 1)/2 produce the inverse parity, thus only one of
these choices of a, contributes. ]

Base case of Lemma 3.9. First, we remark that if m; < 0 for all 1 < i < n, then the
space PJH (i1, Ry ) is of dimension 0 and thus the integrals ¢ and ¢* are numbers
of points in this space (or numbers of points counted with spin sign). By [5, Proposi-
tion 3.8], these points are in bijection with the number of cylinder configurations for
a single cylinder with figure eight constructions. As explained in the proof of Propo-
sition 4.4 there are exactly

(=D TT Imil

i,m; <0

such configurations (the factorial accounts for the ordering of the figure eights and
the m; terms account for the partitions of the m; — 1 as a sum of two non-negative
integers. Finally, by [5, Lemma 4.8] the parity of the meromorphic differential is
determined by the parity of the associated configuration. |

4.2. Expanded chains

Proposition 4.4 provides an expression of ccy1,1(14) as a sum over chains in CH(u),
while Proposition 3.11 above provides an expression of d (1) as a sum over backbone
graphs. To compare cy;,1 and dy, we introduce a family of sets of graphs of rational
type ECH(t);, the expanded chains of complexity i fori =1,...,n (see Definition 4.7
below). We will also construct maps between the different sets of graphs of rational
type constructed until here:

BB(1£)o ~ ECH(jt); 2 ECH(1t); > -+ 2" ECH(p),

|
CH(w).

These maps will be used to compare the different expressions of d; (1) by applying
Lemmas 3.7 and 3.9 repeatedly.
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Definition 4.5. A pre-expanded chain is a graph of rational type with n + 2 legs such
that there exists a partition R(I") = C(T") U L(I") satisfying the following constraints:

* m(n+1) =m(n + 2) =0, and the other legs have positive twists. Moreover, the
first leg is incident to the same vertex as the (n + 1)-st.

e Let (v, ..., vg) be the shortest path from the vertex vy with the leg n 4 1 to the
vertex v with leg n + 2. A vertex is in C(I") (the core) if and only if it appears
in this path. Thus we have an ordering on the vertices of the core.

» Avertex v in C(I") is called a bottom or a top if for all v’ in C(T") connected to v,
we have v < v’ or v > v’ respectively.

* All half-edges with vanishing twists are incident to bottoms of C(I"). In particular,
all horizontal edges are between two bottoms.

» Each vertex in D(I") has exactly one edge.

* Each vertex in L(I") (the set of links), has exactly one edge to a lower vertex (it
may have any number of edges to upper vertices).

o Ifwvisavertex in L(I") or a vertex in C(I") which is not a top, then v has at least
one leg in [1, n].

Definition 4.6. Let I' be an pre-expanded chain. For all vertices of I', we denote
by ind(v) the minimum of the indices of the legs incident to v and +oo if there are
no legs incident to v. Let v be a top in C(I"). It determines a unique subpath of the
core C(I'):
(V> Vkj+15 -+ UN = UV, UNH41, ..., Vky)

such that vy is the unique top of the sequence, and vy, and v, are the only bottoms.
We say that v is admissible if the minimum of ind(v;) for j = k; +1,... ks is
reached for j = N + 1. A pre-expanded chain is an expanded chain if all tops of C(I")
are admissible.

Definition 4.7. If 1 <i < n, then we denote by ECH(w); the set of expanded chains
of complexity i, i.e., the chains satisfying:

e« forall 1 < <i, we have: if the jth leg is incident to a vertex v, then v is not a
top of C(I") and either v in D(T") or j = ind(v);

o forall vin R(I"), we have ind(v) < i or v is a top of C(T').

To compare the different sets of graphs we define the functions F», ..., F, and F
(see the above diagram).

4.2.1. Construction of the maps F;. Let I" be a graph in ECH(u);. We construct
the image of I" as follows:

o Ifthe ith leg is incident to a vertex of D(I"), then F;(I") = T.
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Figure 3. An expanded chain in ECH(6, 6, 3,2,2,2,2); fori = 6 or7.

» Iftheithlegis incident to a vertex of L(I"), then F;(I") is obtained by contracting
the unique edge to a lower vertex.

+ Iftheithlegisona vertex v; of C(I') and v;_; is not a top, then F; (I") is obtained
by contracting the edge between v; 1 and v;; if v;_; is a top, we also contract the
edge between v;_» and v;_;.

Note that F;(I") then satisfies the first condition of elements in ECH;_ by the admis-
sibility condition, and the second condition because if there is a vertex v in I' with
ind(v) = i, then this vertex is merged with a vertex which has a leg of smaller index
incident to it.

4.2.2. Construction of the map F. Let I be a graph in ECH(u),,. The image of I"
is defined by contracting all edges which are not incident to at least one bottom vertex
of C(I'), where the genus of a merged vertex is the sum of the genera of the previous
vertices.

Example 4.8. In Figure 3, we represent an example of an expanded chain in
ECH(6,6,3,2,2,2,2);

for i = 6 or 7 (for simplicity we did not put the twist at the edges as they may be
computed from the twists at the legs). The vertices of C(I") are black dots while the
vertex in L(I") is a white dot. Remark that the admissibility condition is satisfied,
as the marking on the vertex following the unique top of C(I") has index 3 which
is smaller than 5 and 6. This expanded chain is mapped to the chain of Example 2
under F' so we have surrounded in green, red, or blue the subgraphs that have to be
contracted to obtain this chain.



J.-W. van Ittersum and A. Sauvaget 46

[ ) [ )
- & - < / \ «— — o e — o —
23 Faed) 15 23, Fle) 1S 3,6 24
4,5,6 ’ v
[ )
[ ) .4 /
[ ] .4
/N 5
<— — e e —eo — <« /
Fa(p1) L5 36 2 Fs(p)) — o o —o—
1 3,6 2
[ ]
[ ) [ )
5 3

Fe(o]) — T

Figure 4. Effect of the functions F; on the expanded chain of Figure 3. The function F7 acts
trivially on this example so we do not represent it.

To illustrate the effect of the functions F; on graphs, we represent on Figure 4
the images of this twisted graph in the ECH(6, 6, 3,2, 2,2, 2);. Here, we only repre-
sent the rational part of the graph (in particular the 7th marking is not present) and
where the markings sit. At each step, we indicate in the parenthesis which type of
@p-degeneration is used to create new vertices.

4.2.3. Odd expanded chains. If u is odd, then an expanded chain I is odd if the all
positive twists are odd. In particular, C(I") contains only bottom vertices. Indeed, each
vertex has an even number of incident half-edges with even twists, thus each vertex
of the core has exactly 2 incident half-edges with even twists (the ones connecting
to the previous and next vertex or the legs n + 1 and n + 2). As all of these twists
are equal to 0, all vertices are bottom and all edges of the core are horizontal. The
functions F;: ECH" (1) — ECHYY, (1) and F:ECH (1) — CH*¥(w) are defined
by restricting the functions F' and F; to the sets of odd expanded chains.

4.3. Contribution of expanded chains
Let T be an expanded chain. The contribution c(v) of a vertex v of I' is defined
according to the type of vertex:

o IfveD(),thenc(v):=m, vol(iu(v)), where m, is the twist at the edge incident
to v and w(v) is the vector of twists of half-edges incident to v.
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o Ifve L), orif v e C(I') is neither a top nor a bottom, then we set c(v) :=
mj f(u(v)), where j = ind(v) and p(v) = (mj,me, ...) with e the unique edge
to a lower vertex.

» Ifvisatopof C(I'), then c(v) := (me + me) f(uu(v)) where m, and m,s are the
twists at the two edges e and ¢’ to lower vertices, and pu(v) = (me, me, . . .).

* Ifvisabottomof C(I'), then c(v) :=m;j ¢(u(v)), where j =ind(v), and u(v) =
(mj,...,me,me), where e and e’ are the edges to the previous and next vertex in
C(T) if there is one, and else, m, = 0 or m,» = 0 respectively.

Then, we define

1
cont(I") = m l_[ c(v).

veV ()

Moreover, if 1 is odd and I" is an odd expanded chain, and v is a vertex of I', then we
define ¢*(v) and cont®(T") by replacing the function vol by vol™ and the function ¢
by ¢* in the definition of ¢(v) and cont(T").

Proposition 4.9. Let 1 <i <n andletT' € ECH(u);—1. We have

cont(T") = Z cont(T").

I"eF YT}
Besides, if T is odd, then
cont™(T") = Z cont™(I"),
IVeF T}

where in the last sum we restrict F; to the sets of odd expanded chains.

Proof. Leti > 1and I' € ECH();—1. Any graphin F;"'{I"} is obtained by modifying
the vertex v carrying the leg i and not the others. Thus we show that the proposition
holds by studying each possible type of vertex for v.

Ifve D(T), then I' € ECH(u); and Fi_l{F} = {I'}. Thus, the proposition holds
trivially.

If v is in L(T"), then c(v) is given in terms of the function f. Using Lemma 3.7,
we may write this function as a sum over all twisted graphs of type f>, i.e., as all
possible ways to split v into 2 vertices (leaving ind(v) and the edge towards a lower
vertex together on the lowest of the created vertices while i is on the upper one). All
the graphs of F;'{I'} are obtained in this way, and we may check that the induction
formula of Lemma 3.7 gives the right contribution of any element of Fi_1 {T'}.

Therefore from now on, we assume that v is in C(I"). First, let us remark that v
cannot be a top of C(I"). Namely, v cannot be the result of contracting the edge
between a top v; and a vertex v;_p, as that would violate the first condition of
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expanded chains of complexity i. Moreover, if v is obtained by contracting the edge
between a vertex v;, a top v;_; and a vertex vj_», by the admissibility condition, we
know that v is a bottom (and not a top).

If v is neither a top nor a bottom, then its contribution is given by the function f.
Then we apply the recursion of Lemma 3.7 and we write f as a sum over graphs of
type fn where h is the half-edge of the edge that connects v to the previous vertex
of C(T"). Either we obtain two vertices in C(I"), where the closest to vq carries the
leg ind(v) while the other carries the leg i; or a vertex in C(I") with the leg ind(v)
and a vertex in L(T) carrying the leg i. All the graphs of F;"'{I'} are obtained in
this way, and we may check that the induction formula of Lemma 3.7 gives the right
contribution of any element of F,'{I'}.

If v is a bottom in C(I"), then its contribution is given by the function ¢. Any
graph in F;'{T'} is obtained by splitting v into 2 or 3 vertices of type ¢1, ¢}, ¢},
@2, or @3. Then the induction formula of Lemma 3.9 shows that the contribution of I
may be written as the sum of the contributions of Fi_1 {T"} as in the previous case. m

4.4. Contribution of chains
The purpose of this section is to show the following identities.

Proposition 4.10. Let I' € CH(u). We have
cont(M) = > cony(I"),
I"eF—1{T}
and if T is odd, then
cont*(I) = > cont™(I").
Ve F—I{T}
To prove these identities we need two extra families of combinatorial objects,

called rooted trees and expanded pairs of holes.

Definition 4.11. Let ¥ C [[1,n] and p be a positive integer. A rooted tree is a graph
of rational type with 1 4+ | X| legs indexed by {r} U X, which is either the trivial graph
(i.e., the stable graph with one vertex and no edges) or is such that:

* no edge is horizontal;
» each vertex in D(I") has exactly one incident edge;

» the vertex with the leg r is called the root. The root has 2 legs and no edges to
lower vertices. All other vertices of R(I") have 1 leg and 1 edge to a lower vertex
(they may have any number of edges to upper vertices).

We denote by RT(u, X, p) the rooted trees compatible with (p) + (m;);ex.
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Definition 4.12. Let X C [2,n], p1, p» be positive integers and I € R \ . A pre-
expanded pair of holes is a graph of rational type I" with legs indexed by the set
3 U {h1, hy}, and with a partition R(I") = C(I") U L(I") satisfying:

. All legs have positive twists and there are no horizontal edges.

. Let (vg, .. ., vg) be the shortest path from the vertex with the leg /; to the vertex
with the leg h,. A vertex is in C(I") if and only if it appears in this path.

. There is exactly one top in C(I"), i.e., there is precisely one vertex v whose
edges to other vertices of v’ € C(T") satisfy v > v’. No leg in X is incident to
the top.

. Each vertex in D(I") has exactly one edge.

. Each vertex in L(I") (the set of links), has exactly one edge to a lower vertex (it
may have any number of edges to upper vertices).

. If v is a vertex in L(T") or a vertex in C(I') which is not the top, then v has
exactly one leg in X.

It is an expanded pair of holes in EP(u, X, p1, p2, I) if it is compatible with

(mi)ies + (1, P2),

and the following admissibility condition holds:

» cither the leg A, is incident to the top vertex (i.e., the top is the last vertex of the
core), and / is smaller than all legs incident to vertices in C(I');

» or the smallest index j of a leg incident to a vertex of C(I") is smaller than / and
is incident to the vertex directly after the top.

Example 4.13. In Figure 3, examples of rooted trees or expanded pairs of holes are
given by the subgraphs surrounded by red or blue lines respectively.

If T is a rooted tree or an expanded pair of holes, and v is a vertex of I', then the
contribution c(v) of v is defined as for expanded chains. Here, for rooted trees, we set
R(I") = L(I") and identify m, with p for the root. Also, for expanded pair of holes,
we identify p; and p, with the twists m, and m, at the first and last vertices of the
core respectively. Then we define cont(I") as | Aut(I')| ™' [T, ¢(v). If j1 is odd and T
is a rooted tree then we define cont™ (T") in the same way.

Lemma 4.14 ([6, Sections 3.5 and 6.1]). For all positive integers p and ¥ C [2,n],
we have

(p + Zmi) vol((p) + (mi)ies) = > cony(T),

iex I'eRT(14,%,p)
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and if i is odd, then we have

(r+ Som ) vl () + Otes) = 3 cont(r)

ieX T eRT(u,X,p)
We will show the following analogue result for an expanded pair of holes.

Lemma 4.15. For all positive integers py, p, ¥ C [2,n] and I € R\ T, we have

(p1 + p2 + Zm,) vol((mj)iex + (p1. p2)) = Z cont(T").

o)) T'€EP(u,2,p1,p2,1)

Proof. We fix a choice of u, X, p1, p2. We denote by S(7) the sum on the right-hand
side of the identity of the Lemma. This function is locally constant on R \ X, thus to
prove the lemma we proceed in two steps: first, we show that it is valid when I = 0;
then we show that S(i —1/2) — S(i + 1/2) =0foralli € X.

The case I = 0. We proceed by induction on the size of X. If ¥ is empty, then a
graph in EP(u, X, p1, p2,0) is a backbone s.t. the legs &7 and A, are incident to v_j.
Thus, we may apply Proposition 3.10 for 4 = (p1, p2), which implies the lemma in
this case.

If ¥ is non-empty, then the admissibility condition implies that the marking /4, is
incident to the top. Then a graph in EP(u, X, p1, p2, 0) is determined by:

(1) anelementi € ¥ U {h,};
(2) aninteger k > 1;
(3) a partition ¥ \ {i} = Xy U--- U Xk, and a partition p; +m; —k = p] +
-+ py,where m; = pyifi = hy;
(4) arooted tree in RT(u, X5, p]’.) for 1 < j <k if ho ¢ X;, or an element of
EP(u, X;, p}, P2, 0) otherwise.

Indeed, with this datum we construct a graph in EP(u, X, p1, p»,0) by attaching the k
graphs of the last part of the data to a vertex of genus 0 with the markings /#; and i.
Here, we replace an half-edge with marking p]/. by an edge e; with twist m,;, = p]’.
to this vertex with markings /.1 and i. Using this fact, we may rewrite the sum defin-
ing S(0) as follows:

mif(plvmis_p/l""’_p]/()
2 2 *k—1)!

i€X T U-UZr=(S\{iHU{hs}
k=1 pr ot pt =py+m,—k

% ( > cont(F)) ﬁ ( > cont(F))

T€EP(u,21,p,p2,0) J=2 “TeRT(4,%;,p})
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(p1+ p2) f(p1, P2, —p1- - —Dp)
2 X x
k>1 ZiU-UEg=X
P+t p=p1+p2—k

xﬁ( > cont(F)).

J=1 “TeRT(u,X;,p})

The first sum accounts for the contribution of graphs where %, is not incident to the
same vertex as i1 (thus one of the descendants of the main vertex of genus 0 is dis-
tinguished as it carries the leg /,) while the second sum accounts for the contribution
of graphs with /1, and /5 incident to the same vertex.

Therefore, we may compute the sum S(0) recursively by applying Lemma 4.14
and the induction hypothesis to obtain that S(0) is given by

Z Z mif(Pl’mh_p/l""’_pl/c)

k!
I€ET T U-UZp=(S\{iDHU{h}
k=1 pi+..+p=p1+mi—k

k
X H(p/, + ) m,-/) vol((p}) + (mir)ives; )
j=1

i/ .
i’eX;

(p1+ p2) f(p1.p2,—py. - —D})
> 2 x
k>1 ZiU-UXp =%
py++pr=p1+p2—k

k
x I‘[(p; s m) Vol(p)) + (miryies,) ).
j=1

' .
i’eX;

where, again, my, = p>. We apply [6, Proposition 3.11] to deduce that

S(©0) = (mi vol(Z + (p1. p2))) + (p1 + p2) vol(T + (p1. p2)).
iex

which is the desired identity.

Crossing an element in 2. We fix i in X. We first remark that the contribution of
an element in the sum defining S(/) does not depend on /. Indeed, the dependence
of S(I) on I is uniquely given by the set of graphs that contribute. Thus we need
to determine which graphs contribute to S(i + 1/2) but not to S(i — 1/2) and con-
versely.

We assume that i = min{ind(v) | v € C(I')}. Namely, if this is not the case then
the same graphs contribute to S(i + 1/2) and S(i — 1/2). Now, a graph contributes
to S(i + 1/2) butnot to S(i — 1/2) if and only if the label i belongs to C(I") and 4,
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is incident to the top. We denote by ST the sum of the contributions for graphs of this

type. Conversely, a graph contributes to S(i — 1/2) but not to S(i + 1/2) if and only

if the label i is incident to the vertex following the top in C(I"). We denote by S~ the
sum of the contributions for graphs of this type. We will show that ST = S~ to finish
the proof of the lemma.

To do so, we introduce a family of sets of pre-expanded pairs of holes S(i, {)
for all £ > 0. A pre-expanded pair of holes I'e EP(u, X, p1, p2, 1) compatible with
(m;)ies + (p1, p2) belongs to S(i, £) if:

e the leg i is incident to a vertex of C(T") and if a leg i’ € X is incident to a vertex
of C(T) theni’ > i;

» the top vertex is the rth vertex of the core, and the vertex carrying i the sth of
the core then either £ > 0 and the top is the last vertex of the core, or we have
t—s+1=4L

In particular, with this notation we have S(i,0) = S—, while S(i,{) = St if £ is

sufficiently large. Then we show that

Z cont(I") = Z cont(T")

reS(@.t) resS@,t+1)

for all £ > 0. Indeed, for each graph I" € S(i, £): either the top vertex is the last vertex
and then it belongs to S(7, £ + 1) too, or we apply Lemma 3.8 to the subgraph made
of the top vertex and the next vertex in the C(I". Then Lemma 3.8 exchange the roles
of these two vertices and thus the difference between the positions of the top vertex
and the vertex carrying the i th leg is augmented by 1. We thus obtain a summation on
graphsin S(i, £ + 1). ]

End of the proof of Proposition 4.10. To finish the proof, we simply remark that the
datum of an expanded chain is equivalent to the datum of:

(i) achainT;
(i) arooted tree for each vertex of F(I");
(iii) an expanded pair of holes for each vertex of P(I").

Moreover, applying Lemmas 4.14 and 4.15 provides the equality between the con-
tribution of a vertex in F(I") or P(I") and the sum of the contributions of the rooted
trees or expanded pairs of holes associated to this vertex. Note that the factor m, in the
contribution m|u(v)| vol(iu(v)) of a vertex v € F(I") does not occur in Lemma 4.14,
but does occur in the function ¢(u(v”)) in the contribution of v/, where v’ is the vertex
of the core of the chain connected to v. |
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4.5. End of the proof of Theorem 3.1

An expanded chain in ECH () has only one vertex in R(I"), and thus uniquely deter-
mines a backbone graph in BB(it)o. Moreover, Proposition 3.11 may be rewritten as

dl(,u)zﬁ > cony(I).

U rercH(u),

Thus using Propositions 4.9, 4.10 and 4.4 successively, we obtain

1 1 —
di(n) = Zme Z cont(I') = — Z cont(I")
"1 b eEcn( 2m
Wn I'eCH(u)
)

T
= Ceyt,1 (1) - vol (1),
nmi

which is the first identity stated in Theorem 3.1. If u is odd, then the second statement
of Theorem 3.1 is obtained similarly by applying the spin counterpart of Proposi-
tions 3.11, 4.9, 4.10 and 4 .4.

A. Character tables of the spin symmetric group and the Sergeev
group ford <5

For d < 5, and G being one the groups @d, Kd, Se; and Seg, we compute the
character table of all irreducible spin representations, i.e., we assume the central ele-

ment € € G acts by —1. If the characters are yi, y2, ... and the conjugacy classes
€1, €5, ..., we write

G €

G| [Cl

x1 | x1(€1)

for the character table of G. Note that y;(¢€;) = —y; (€;). Thus, we omit all conju-
gacy classes for which €; N ¢€; # 0, and else pick only one of the two conjugacy
classes €; and ¢€;. Row and column orthogonality relations are satisfied, i.e.,

—— 1 .
D111 ()i (€y) = 51G18; ;- forall j. j,
i

— 1 o
> Ik () xir (€)= S|G1iir foralli,i’
J
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The first factor 1/2 appears because we omit half of the conjugacy classes, as exp-
lained before. The second factor 1/2 appears because we omit the non-spin represen-
tations, which correspond to representations of the quotient G/¢.

d=1
él 76 ;u ~ él Sel e Ce,1 Se(l) e
2 |1 4 |1 1 2 |1
1 |1 1+ |1 +i 1 1

- |1 =i
d=2
@2 e (12) A | e Ser | e Cazy Seg e
4 |1 1 2 |1 6 [1 2 8 1
24 |1 +i 2 |1 24 |2 +iv2 2 |2
2— |1 —i 2— |2 —iv2
d=3
G |e (123) (12) As |e (123) (321)
12 1 2 3 6 11 1
3 2 1 0 34+ |1 2+4V3 1+1iV3
2,1+ |1 -1+ - |1 1-1iy3 113
2,1— |1 -1 —i 2,101 -1 -1
Ses; | e C(123) C(123),1 Seg e C(123) C(lz)
9% |1 8 8 48 1 8 6
3+ 14 1 +iv3 3 4 1 0
3— (4 1 —iv3 2,14+ (2 —1 +iv2
2,114 =2 0 21— |2 —1 —iv2
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d=4

Cs | e (123) (1234) As  |e (123) (321)

48 |1 8 6 24 1 4 4

4412 1 +iv/2 4 2 1 1

4— |2 1 —iv2 3.1+ (2 -1 +1iv3 -1+ 1Liy3
1 1: 1 1:

3,104 -1 0 31— |2 —1-1iv3 -1-1iy3

Seq | e Caa3) Ca23ai Sed | e Caas(a) Caaz(b)

768 |1 32 48 48 1 16 16

44 |8 +2i 4 8 2 2

4— |8 —2i 3,14 | 8 —14iv3 —1+4iV3

3,116 —2 0 3,1- |8 —1—iv/3 —1—-iv/3

d=5

Gs |e (12345 (123) (1234) (123)(45)

240 |1 24 20 30 20

5 4 1 0 0

4,14 |6 —1 +iv2 0

41— |6 —1 —iv2 0

3,24 |4 1 -1 0 +iV/3

3,2— |4 1 -1 0 —iv/3

As | e (12345)  (54321)  (123)

1201 12 12 20

5+ 12 3+3iV5 F+3iV5 1

5— |2 1-1iv5 1-1iv5 o1

4116 —1 —1 0

3,214 1 1 —1

55
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Ses e C(12345) C(123) C(12345),1
7680 | 1 384 80 384

54 |16 1 4 +iv/5

5- |16 1 4 —iv/5

4,1 |48 =2 0 0

3,2 132 2 —4 0

Sel |e Caamsy Cazsy Cazsay Caazyas)
3840 |1 384 80 240 160
5 16 1 4 0 0
4,14 | 24 —1 +2i 0
4,1— | 24 -1 —2i 0
3,24 |16 1 —2 0 +iv/6
3,2— |16 1 -2 0 ~iv6
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