THE GORENSTEIN PROPERTY AND PIXTON’S CONJECTURE FOR
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ABSTRACT. We show that the tautological ring of M;tn is not Gorenstein for ¢ > 2 and
2g +n > 12. We prove new cases of Pixton’s conjecture that the 3-spin relations are a

complete set of relations for the tautological ring, including Mg', Mg's, and M$'. These
are the first known cases where Pixton’s conjecture is true, but the tautological ring is not
Gorenstein.

1. INTRODUCTION

1.1. The tautological ring. Let Mg,n be the moduli space of stable curves of genus g with
n markings. For a stable graph I' of genus g with n legs and vertex set V', we set

My = [ Myw)neo-

veV
There is a proper gluing morphism
&r o My — My,

whose image is the closure of the locus of curves with dual graph I'. Let 7 : ﬂgmﬂ — ﬂg,n
be the universal curve and s; : M,,, — Mg, 1 the universal sections. The 9 classes on
M, ,, are defined as

Vi = ci1(siwg) € AH(M,.,,).
The Arbarello-Cornalba k classes are

kj = (Unth) € N (M),

and the lambda classes are
A = Ck(ﬂ'*wﬂ) € Ak(ﬂgm)

Let m, : Mp — ﬂg(v)m(v) be the projection map. A decoration on I' is a product of
monomials in ¢ and k classes of total degree at most 3g(v) — 3 4+ n(v) pulled back from the

moduli spaces associated to the vertices by m,. Let S*(M,,,) be the Q-vector space whose
basis elements are pairs [[',7], where T" is a stable graph of genus g with n legs and ~ is a

decoration. The vector space S*(M,,,) is finite dimensional and graded:
deg [I',7] = [E(T)] + deg(7),

where F/(I') is the set of edges of I'. It also has the structure of a Q-algebra, with the product
determined by the intersection theory of the boundary strata of M, see |21, Appendix]
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H.L. served as a Clay Research Fellow. J.S. was supported by the SNSF grant 219369 and SwissMAP..
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for details. The product respects the grading, and so S*(M,,) is a graded algebra called
the strata algebra.

Let /\/l;tn be the moduli space of compact type curves of genus g with n markings. For
g > 1, there is a degree shifting map on underlying graded vector spaces

gloop : S*il(mgfl,n+2> — S*<mg7n)>

given by connecting the last two legs of the stable graph in the domain by an edge. The
quotient is denoted by S*(./\/lgfn), the compact type strata algebra. It has as a basis the pairs
[T, 7], where T" is a stable tree of genus g with n legs.

Strata algebra classes give rise to Chow and cohomology classes on ﬂgm by pushforward
from Mp. The following diagram commutes:

St (Mg,n) — A" (Mgm)

| |
SHMEL) —— AS(M).

The images of the horizontal maps are by definition the tautological rings R*(M,,) and
R*(Mg',), respectively. We denote the kernel of the upper horizontal map by I (M,,,) and
of the lower horizontal map by I3 (M',). These are the ideals of tautological relations for
stable and compact type moduli, respectively.

We can further compose with the cycle class map, obtaining a commutative diagram:
S*(mg,n) —_— HQ*(mg,n)

| |

S M) —— HP (M),

The images of the horizontal maps are the tautological cohomology rings RH2*(MQ7H) and
RHQ*(M;fn). The kernel of the upper horizontal map is denoted by If;(M, ) and of the lower
horizontal map by I*Q(M;tn) These are the ideals of cohomological tautological relations for
stable and compact type moduli, respectively. We always have I3 C If.

A fundamental open problem in the intersection theory of moduli spaces of curves is to
determine the structure of the tautological rings. Even basic aspects are not well understood.
It is unknown, for example, if I} = I}, for stable or compact type moduli. It is also unknown if
the restriction map I}i(ﬂg,n) — Ij;(/\/lgfn) is surjective, and analogously for the cohomological
ideals. In other words, we do not know if the sequence

RFY(My_1ni2) = RE(M,,) — Rk(M;fn) =0

is always exact.
There have been two prominent proposals for the structure of the tautological rings: the
Gorenstein property and Pixton’s conjecture, which we describe in the next two sections.

1.2. The Gorenstein property. The Gorenstein property was first studied by Faber in the

tautological ring of M,. The tautological ring R*(M,) is the image of R*(M,) in A*(M,)
under restriction, or equivalently, the subring generated by the x classes.
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The Gorenstein property concerns the intersection pairing
(1) R'(My) x RT* (M) = R (M) = Q.

Looijenga [28] showed that dimRY™2(M,) < 1 and that dimR*(M,) = 0 for i > g — 2.
Faber [15, Theorem 2] proved that dim R9=%(M,) > 1, establishing the isomorphism

RI#(M,) = Q.
The pairing is defined as

(o, B) Q- B A1 Ay

My

Here, @ and 3 are arbitrary lifts of a and 3 to R*(M,). The pairing is well-defined because
Ag—1- Ay vanishes on the boundary M, ~ M, [15, p. 112]. There is also an analogous pairing
in the cohomological tautological ring.

Faber conjectured [15, Conjecture la] that the intersection pairings are perfect for all
i. That is, R*(M,) is a Gorenstein ring with socle in codimension g — 2. If the Gorenstein
conjecture is true, then there is an algorithm to compute the ideal of relations among the
classes: a homogeneous polynomial in the x classes of degree i is zero if and only if it pairs to
zero with all homogeneous x polynomials of degree g — 2 — i. The pairing can be computed
explicitly using the proportionalities of |15, Conjecture 1c], which has now been proven in
many different ways |19}20,27].

Faber provided low genus evidence for the Gorenstein conjecture on M, computationally.
Originally, he showed that the conjecture is true when g < 15 [15], and later he extended
these computations to g < 23. He also showed, however, that the ring generated by the s
classes modulo the Faber—Zagier relations is not Gorenstein when g = 24. See Section [1.3
below for a discussion of the Faber—Zagier relations and their generalizations. For g > 24,
the Gorenstein conjecture remains open.

Analogous conjectures (or speculations) were made for M,,,, and M, 116,29]. There are
intersection pairings

(2) Ri<mg,n) X R39_3+n_i(ﬂg,n) — R39_3+n<mg,n) =Q, (o, B) = a-p

(3) RZ(Mzn) X R29_3+n_i(M;fn) - R29_3+n(M;fn) = Qu (O[, 6) = | a- B ’ )‘Q'
Mgn

Here @ and 8 are arbitrary lifts of & and 8 to ﬂgm. The latter pairing is well-defined
because )\, vanishes on the boundary M, ., ~ Mg, [17, Equation 5]. The codomain of the
pairing is called the socle. For the fact that the socle is one dimensional, see [18,22]. If the
pairings (2) (respectively, () are perfect, then we say R*(M,,) (respectively, R*(MS, ) is
Gorenstein. We will also consider the analogous pairings in the cohomological tautological

rings RH*(M,,,) and RH*(Mgfn)'

Just as in the case of M, if the Gorenstein property holds, it gives an algorithm for

determining the ideals of tautological relations I3 (M,,,) and I3(MS',), thereby completely

determining the structure of R*(M,,) and R*(MF',). The pairings and can be

computed explicitly and have been implemented in the Sage package admcycles [11}/14].
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Note that /\/lg‘jn = m(),n is compact and the tautological ring is equal to the entire Chow
or cohomology ring by a result of Keel [25|. Therefore, the tautological rings in genus 0
are Gorenstein by Poincaré duality. Furthermore, Tavakol [36] proved R*(MfS',) is always
Gorenstein, and Petersen [32] proved R*(M ) is always Gorenstein.

Nevertheless, neither R*(M,,,) nor R*(M¢', ) is always Gorenstein. Petersen and Tommasi
proved R*(Ms,,) is not Gorenstein when n > 20 [34], and recent work of the first named
author shows that R*(mgm) is not Gorenstein for ¢ > 2 and 2g + n > 24 [7]. For compact
type moduli, Petersen [33] proved the tautological ring of M$', is not Gorenstein when n > 8.

Our first theorem extends Petersen’s compact type result to higher genera.

Theorem 1. If g > 2 and 2g +n > 12, the tautological rings R* (M) and RH*(MS',) are
not Gorenstein.

The proof of Theorem [T] goes by reducing to the case g > 2 and 2g+n = 12, and studying
each such pair (g,n) individually. It is not clear what the relationship between the failure of
the Gorenstein conjecture is for the cases when 2g+n = 12, as there is no gluing map between
the corresponding moduli spaces. The analogous result for M, is proven by reduction to
the case g = 2 and n = 20, using the self-gluing map [7,34].

We obtain a partial converse to Theorem [I}

Theorem 2. If g =0,1 or g > 2, 2g+n <12, and (g,n) # (2,7) or (3,5), then R*(M',,)
and RH* (M) are isomorphic and Gorenstein.

As noted above, the cases g = 0,1 are due to Keel [25] and Tavakol [36], respectively. The
proof of Theorem [ uses Theorem [ below. We expect that the full converse of Theorem
holds. Computer calculations in the remaining cases (g,n) = (2,7) and (g,n) = (3,5) are
currently running. See Section [7] for a discussion of the computational aspects. In Table
below, we record the ranks of the tautological groups when g > 2 and 2g +n < 12.

The proof of Theorem |1{gives concrete examples of nonzero classes in RZ(M;tn) that pair to
zero with every class in R 9*3+"*i(/\/l;fn) for some 7 > 5. We conjecture that the codimension
5 classes are of the minimal possible codimension.

Conjecture 3. For i < 3, the pairings
% ct 29g—34+n—1 ct 29—34+n ct
R'(Mg.,) x R (Mg),) = R (MG
are perfect. If i = 4, the pairing is of rank dim R4(M;fn).

Conjecture [3[ implies the analogous conjecture in cohomology (see Proposition . When
1 = 0, the conjecture holds, simply because the socle R29_3+"(M;fn) is one dimensional
[18,22]. We prove Conjecture |3 when i = 1.

Theorem 4. The pairings
1 ct 2g—4+n ct 29—3+n ct
R (Mg,n) X R™ (Mg,n> — R% (Mg,n)

are perfect.



(g,n) |0 1 2 3 4 5 6 7 8
(2,0) | 1 1

(2,1) | 1 2 1

(2,2) |1 5 5 1

(2,3) | 1 1| |11 |1

(2,4) |1 23 101 101 23 1

2,5) |1 |47 |384 |769 | 384 47 |1

(2,6) |1 95 1362 | 4981 | 4981 1362 |95 1

(2,7) || 1 191 4610 | 28606 | < 52330 | 28606 | 4610 191 1
30T (2 |2 1

(3,1) || 1 4 7 4 1

(3,2) | 1 8 20 |24 |8 1

(3,3) | 1 16 |82 |144 |82 16 |1

(3,4) || 1 32 274 813 813 274 32 1

(3,5) || 1 64 895 | 4281 | 7258 4281 | > 895 | 64 1
@01 |3 |6 |6 |3 1

@n |1 |5 |17 |25 |17 5 |1

(4,2) || 1 10 |51 |120 |120 51 (10 |1

(4,3) |1 20 158 568 882 068 158 20 1
GO 1 [3 [10 [19 [19 0 |3 ]

G.1) 1 |6 |2 |75 |107 75 (28 |6 |1

TABLE 1. The ranks of R(M¢,) = RH* (M) when g > 2 and 29+ n < 12.

1.3. Pixton’s conjecture. Pixton gave an alternate proposal for the structure of the tau-
tological ring [35]. He defined a subspace FZ*(M,,,) C S*(M,,,) that he conjectured was
contained in I3(M,,), and hence Iﬂ(ﬂgm). The inclusion FZ*(M,,) C I5(M,,) was
proven by Pandharipande-Pixton—Zvonkine |31] using the 3-spin cohomological field theory.
Later, Janda proved the inclusion FZ*(M,,,) C I5(M,.,). We now call the space FZ*(M,.,)
the 3-spin relations.ﬂ By restriction, one also obtains relations on Mg, denoted FZ*(M',,).

We write o
Ri,(M,,) =S*(M,,.)/FZ*(M,,) and Riz(MS,) = S (M) [FZ*(MS),).
Conjecture 5 (Pixton [35]). The 3-spin relations are complete in Chow and cohomology:
Riz(Myn) = R"(Myn) = RH' (M) and Riz(Mg,) = R (Mg,) = RH* (M)

There has been significant effort to produce relations in the tautological ring, but the only
known relations are contained in the span of the 3-spin relations [10}24], and so Conjecture
remains open. Pixton’s conjecture in codimension 0 is trivial. Gubarevich [23] proved
Pixton’s conjecture in codimension 1 for Mg,n‘

Kramer, Labib, Lewanski, and Shadrin [26] showed that the 3-spin relations imply Graber

and Vakil’s Theorem * [22]. Arguing as in [22, Section 5.5], one sees that Pixton’s conjecture

'FZ is an extension of the Faber-Zagier relations from M, to M ,.
2The 3-spin relations are also known as the generalized Faber—Zagier relations and Pizton’s relations.
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holds for R9=3+"(M,,,,) = RH%™%*2"(AM, ). Moreover, using the same line of reasoning, the
thesis of Al-Aidroos [1] establishes Pixton’s conjecture in dimension 1 and 2: R%Y(M,,) =
R M,,) = RH?%(M,,,) for i = 1,2 and d = dim M.

For compact type moduli, we prove some new cases of the conjecture.

Theorem 6. Fori € {0,1,2g —4+n,2g — 3+ n},

The i = 0 case is trivial, and the i = 1 case follows quickly from Gubarevich’s result (see
Corollary . For i« = 29 — 3+ n and 29 — 4 4+ n, the proof uses that the 3-spin relations
imply Graber and Vakil’s Theorem * [22,26].

Using computer calculations, Pixton showed Conjecture [5| implies that R*(M§') and
R*(Mg',) are not Gorenstein [35], which is now confirmed by Theorem [1} As the num-
ber of marked points increases, the computations become significantly more difficult. The
next theorem provides the first cases where Pixton’s conjecture holds, but the tautological
ring is not Gorenstein.

Theorem 7. The 3-spin relations are complete in Chow and cohomology for M, g'fz, and

M. In each case, the Gorenstein kernel is 1-dimensional and occurs in degree [29=3+77.
7 ) 2

In Table 2| below, we record the ranks of the tautological groups for the moduli spaces in
Theorem [1l

()0 |1 |2 [3 |4 |5 |6 |7 [8 |9 |10 |11
(5.2)[ T [12 [82 |[314 |636 | 637 |314 |82 |12 |1
6,001 |4 |15 [42 |71 |72 |42 |15 |4 |1
(7,001 |4 |20 [69 |171 |277 |278 |171 |60 |20 |4 |1

TABLE 2. The ranks of RI(MS,) = RH*(MS) for (g,n) as in Theorem
with the ranks breaking the symmetry marked in bold.

1.4. The kernel of the pairing and moduli of abelian varieties. Let A, denote the
moduli space of principally polarized abelian g-folds, and let p : &, — A, be the universal
abelian variety. The lambda classes on A, are defined as \; = ¢;(p.(2,), and the tautological
ring R*(\A,) is the subring of the Chow ring of A, generated by the lambda classes.

The Torelli map Tor : /\/l;t — A, associates to a curve of compact type its Jacobian,
which is the product of the Jacobians of its components. The first interesting example of a
non-tautological class in A*(A,) was found recently [9, Theorem 5]: for g = 6, we have

[Al X .A5] ¢ R*(.A6) .
First, by [9, Proposition 2], if [A; x A,_1] € R*(A,), then

g
= ==X,
[Ar x Agi] 6By !

Therefore, if the class
Ag - [-’41 X “49—1] -
6

g
— A\,
6|B29| o



is nonzero, then [A; x A,_4] is not tautological. If Tor*A, # 0, then A, # 0. However,
by [9, Theorem 4] the pullback Tor*A, € RI"'(MS') lies in the kernel of the pairing (3).
Therefore, it is difficult to test whether Tor*A, is nonzero. Theorem [7| provides a complete
description of R*(M§'), and using this description, it is shown [9, Theorem 5] that Tor*Ag
generates the 1-dimensional kernel of the pairing

RYME) x R*(ME) — Q.
Surprisingly, Tor*A7 = 0 [9, Proposition 7], but it is suspected that Tor*A, # 0 for g > 8.
The fact that [A; x.A;] is not tautological provides a geometric explanation for the failure of

the Gorenstein property for R*(M¢"). We do not know of an analogous geometric explanation
for the failure of the Gorenstein property of R*(M;tn) when g > 2, n > 0, and 29 +n = 12.

Plan of the paper. Sections [2] 3, and [4] deal with the cases when the tautological ring is
Gorenstein. In Section [2, we prove Theorem [2] In Section [3 we discuss the relationship be-
tween Pixton’s Conjecture 5] for stable and compact type moduli. As a quick application, we
prove the ¢ = 1 case of Theorem [6] In Section 4] we prove Theorems [4] and [6] simultaneously.

Sections [5] and [6] deal with the failure of the Gorenstein property. In Section [5 we reduce
Theorem [I] to the cases g > 2 and 2g +n = 12. In Section [0, we study these cases, proving
Theorem [7] and finishing the proof of Theorem

Finally, in Section [7, we give a more detailed description of the computer computations
used throughout the paper.

Acknowledgments. We thank Jonas Bergstrom, Carel Faber, Dragos Oprea, Rahul Pand-
haripande, Dan Petersen, Aaron Pixton for helpful conversations. We are grateful to Carel
Faber for sharing his point counting data in genus 4. We also thank Charles Bouillaguet for
advice on using the SpasM library [6] for Gaussian elimination modulo p.

Many of the computer checks in this paper were carried out on the servers of ETH Ziirich
and UZH Ziirich. We thank the respective I'T support groups for their help in facilitating
these calculations.

2. WHEN THE TAUTOLOGICAL RING IS (GORENSTEIN

In this section, assuming Theorem [4, we prove Theorem [2] Theorem [4] will be proven in
Section [l

The socle R29—3+”(./\/l§fn) is generated by the fundamental class of the locus parametrizing
maximally degenerate n+ g pointed rational curves with ¢ elliptic tails attached [18, Section
4.1.2]. That is, the socle is generated by the image of the point class on /\/lgfn o under the
composition

RIS ) = RIFVSOMEL % (ME5)7) = R S(M,),
where the first map is the pullback along the projection and the second map is the pushfor-
ward along the gluing map. This description of the socle holds in both Chow and cohomology,
so the cycle class map in the socle degree

(4) ¢t RETHEN(ME ) S RHIOF2m (M)

is an isomorphism. Using the isomorphism , we see that the Gorenstein property in Chow

and cohomology are closely related.
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Proposition 8. If the pairing
% ct 29g—3+n—1 ct
RY(Mg,) x RY Mg,) = Q
1s perfect, then so is the pairing
2% t 4g—6+2n—2i t
RH (M) x RH™ (Mg, — Q.

Proof. The proof is entirely analogous to [34, Corollary 2.5]. To obtain a contradiction, as-
sume the latter pairing is not perfect. Then the cycle class map ¢ : R* (M) — RH* (M)
is not an isomorphism in degree ¢ or 2g — 3 +n — i. It is by definition surjective, so there
must be an element o such that c(a) = 0. By assumption, there is an element 8 € R*(M¢',)
of complementary degree such that « - 8 # 0. Because « - f is in the socle degree,

0 £ claB) = cla) - c(B),
contradicting ¢(a) = 0. O

Proof of Theorem [, assuming Theorem [} By Proposition[§, we can work in the tautological
Chow ring R*(./\/lgtn) We may also assume g > 2, as Theorem [2| holds when g = 0,1
by [25436].

Let g > 2,29+ n < 12, and (g,n) # (2,7),(3,5). We need to show that the pairings

RIMS,) x R0 ) = @

are perfect. For i = 0, the pairing is perfect because we know R*¥73*" (M ) = Q. For
i = 1, the result follows from Theorem [ We now assume i > 2.

Using admcycles, we compute a matrix M"%/(MS ) whose columns are indexed by the
decorated graph generators for S'(M¢',) and whose rows correspond to elements of a gen-
erating set for FZZ(M;fn). We reduce the entries of the matrix modulo p for some prime p,
obtaining a matrix Mﬂffl(/\/l;tn) Here, we only use that the denominators of the entries in
MF#H (M) are not, divisible by p. We have

rank MIEPZ’ (M) < rank M5/ (ME).
We compute rank M]FFle (M), Then
dim S*(M",) — rank M2 (M)

is an upper bound for the dimension of RZ(M?”)H
Next, we bound from below the ranks of the pairings

RI(ME,) x RH77(ME) = @,

again using admcycles. In each case, the upper bound and lower bound agree. The results
are recorded in Table[I] See Section [7]for more details on the computer implementation. [
3When g = 2, we calculate the upper bound for the dimension of R*(M$',) only when i < LWJ

because the tautological Betti numbers are known to be symmetric when n < 7 [33, Theorem 3.6].
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3. THE 3-SPIN RELATIONS ON M,,, AND M¢

In this section, we give a method for proving the 3-spin relations are complete for M;tn

The method depends on the completeness of the 3-spin relations for the cohomology of ﬂg,n
and My_1 p49.

Lemma 9. Suppose that H*~2(M,_1 n10) = RH*2(M,_1 ,2). Then the sequence
RH*2(M, 1 ny2) = RH* (M) = RHF(MS) — 0
15 exact.
Proof. By definition, the restriction map
RH*(M,,,) — RH*(MS")

is surjective, and the pushforward map H*=2(M,_;,2) — H?*(M,,) sends tautological
classes to tautological classes. Therefore, we have a commutative diagram

H2k_2(mgfl,n+2) ? H%(Mg,n> ? WQkHQk(-A/l;En) > 0

| J J

RH*"2(My_1 ni2) — RH*(M,,) —— RH*(MS ) —— 0,

where the top row, coming from the long exact sequence in cohomology, is exact. A diagram
chase shows that the bottom row is exact as well. 0J

Lemma 10. Suppose that H2k—2(ﬂg_17n+2) = Rsz*Q(mg_l,Wrg). If the 3-spin relations are
complete for RH** (M), then they are complete for RH**(MS,).

Proof. By Lemma [9] the top row of the diagram below

RH*“2(M, 1 n40) — RHZ*(M,,) —— RH2 (M) —— 0

I I

Skil (Mg—l,n-ﬂ) — Sk(mg,n)

is exact. Hence, RH** (M) = RH? (M) /S* ! (My_1n42). By assumption, RH*(M,,) =
SE(My.n)/FZ"(M,,). We have
H%(MZ'jn) = S" (M) /(FZ" (M) + S (My1,42))
= (S (M) /S (My-1,n42)) / (im(FZ*(Mj,0)))
= S MG, FZAOMS,),
showing the 3-spin relations are complete. Here im(FZ"(M,,)) is the image of FZ*(M,.,)

in the quotient ring S*(M,,,)/S* 1 (M,_1n+2), which itself is canonically isomorphic to the
space Sk(/\/l;fn) of decorated strata of the compact-type moduli space. O

Remark 11. One can also prove versions of Lemmas [J] and [I0] in the Chow ring, using the

excision exact sequence for Chow groups instead of the long exact sequence in cohomology.
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Using Lemma , we show the 3-spin relations are complete for M‘{fn and that the 3-spin
relations are complete in codimension 1.

Corollary 12. The 3-spin relations are complete in Chow and cohomology for Btn and

ct

-
Proof. 1t suffices to prove the result in cohomology, as there can be no more relations in Chow
than in cohomology. The genus 0 case is well-known. Indeed, by [25], the ideal Iy(Mo,,) is
generated by the WDVV relations, which are contained in FZ*(M,,) |31, Section 3.6].

When g = 1, we use Lemma By [25], we have the equality H*(My,,) = RH*(M,,,).
Moreover, the ideal of relations If,(M, ) is generated by the WDVV and Getzler relations
[32]. Both of these relations are known to be contained in FZ*(M,,), see |31, Section 3.6]
and [30] Section 4.6] or [35, p. 87]. Applying Lemma [10] yields the statement. O

Corollary 13. The 3-spin relations are complete for R'(MS',) and RHQ(Mgn).

Proof. By [23], the 3-spin relations are complete for RH*(M,,,). The fundamental class
[ﬂg_lwg] is tautological by definition, and so we may apply Lemma . 0

4. PROOF OF THEOREMS [] AND [0

4.1. Overview. In this section, we prove Theorems [4] and [6] A key tool is the following
result.

Theorem 14. Any a € R, (M,,) is a linear combination of decorated strata classes [I', 7]
such that " has at least d — g+ 1 genus 0 vertices.

Theorem [14]is often called Theorem x, and was proven in R*(M,,,) by Graber and Vakil
[22]. The stronger statement that Theorem x holds in RE,(M,,,) was proven recently by
Kramer, Labib, Lewanski, and Shadrin |26, Proposition 5.7 and Corollary 5.9]. Theorem |§|
for i = 2g — 3 + n follows quickly from Theorem [14] (see Section .

Theorem [0] for i = 2g — 4 + n and Theorem [ will be proven simultaneously. We will show
that the pairing

(5) Riz(Mgh,) x REG T (MGL) — Ry (MG) = Q

is perfect. The perfectness of the pairing forbids further relations, proving Theorem [0}
Therefore, the pairing

1 ct 2g—4+n ct
RY(M;,) x R* (Mgh) = Q
is perfect, proving Theorem [

4.2. Proof of Theorem [6|for i = 2g—3+n. We follow [22| Section 5.6]. For (¢g,n) = (2,0)
we have 29 — 3+ n = 1, so the result follows from Corollary [13] For (g,n) # (2,0), any
stable graph I' without loops has at most g — 2 + n genus 0 vertices. By Theorem [I4] any
generator of Rﬁgz_%”(./\/l;fn) thus has exactly g —24n genus 0 vertices. Moreover, each genus
0 vertex must be trivalent, and all other vertices are genus 1 leaves. There can be no x or ¥
decorations. Repeatedly applying the WDVV relation on /7074, which is a 3-spin relation,

: . 29-3
we see any two such strata are equivalent in RZ% ™" (M ). O

10



4.3. Proof of Theorem [6] for i = 2g — 4+ n and Proof of Theorem [4. We prove that
the pairing (5) is perfect by induction on g, using the map ¢ : Mg" | .} x M) — M,
gluing an elliptic tail to the last marked point. The base cases for this induction are that
the pairing
c 2g+n—4 c
Riz (M) x R (MG,) — Q
is perfect when g = 0 [25] and when g = 1 [36] and the 3-spin relations are complete when
g = 0,1 by Corollary 12l Note that by the geometric description of the socle as in Section
2], the map
2g—4+n c ~ D29—4+n c [ 2g—3+n C
0. - REZ " gtfl,nJrl) =~ ReS i (Mgtfl,nJrl X lel) — RES " (Mgfn)

is an isomorphism.

Combined with the push-pull formula, this implies the following fact: for w € R, (M)
and ¥ € R, o 1mi1), We have
(6) w0 =0 = 'w-v=0.
The proof that is perfect breaks into two parts, given by Propositions (15| and (17| below.
Proposition 15. For any nonzero element w € RY (M) = R, (M), there exists some
v e R M) such that v-w # 0.

Using the following lemma, the equivalence @, and induction, we will reduce Proposition
to g = 2. The proof of Proposition [15|in genus 2 is similar to the g > 3 cases, but more
technical, so we defer it until later.

Lemma 16. If g > 3, then
@ Rl(Mf;fn) - Rl(M;t—l,n—i-l X M?l) =~ RY( ;t—l,n-i-l)
18 1njective.
Proof. First suppose that g > 4 so that all separating boundary, v and k classes are inde-
pendent in R}(M¢ ) by |2, Theorem 2.2]. Let §, 4 = [[4.4,1] denote the fundamental

g—1n+1
class of the boundary divisor associated to the graph I', 4, consisting of a vertex of genus
a hosting markings A C {1,...,n} with a single edge to a vertex of genus g — a hosting

markings A°. In order to avoid overcounting, we assume a < ¢/2 and, when n > 0, that
1€ Aif a= g/2. The generic form of an element in R (M) is

n

w=Ycthit+ Y. Caadaatedig+ frn € RI(ME)
i=1 a<g/2
leAifa=g/2
(a,A)#(1,0)
for ¢;,cqn,e, f € Q. Let {1,...,n,z} be the marking set on /\/lgt_ljnﬂ, where ¢ glues an
elliptic tail in at the marking x. Then
QO*U} = Z ciwi + Z ca,A<5a—1,A+:c + 5a,A> + 6(_¢$ + 51,@) + fﬁl S Rl( ;t_Ln_g_l)-

i=1 a<g/2
leAifa=g/2
(a,A)£(1,0)
Above, we use the convention d_; 44, = 0 to avoid writing out separate cases for the a =0

terms in the sum. We claim the classes appearing in the linear combination above are
11



independent. From this it follows that if p*w = 0, then we have ¢; = c,a = e = f =0, so
that w = 0, proving injectivity.

To verify the claim, we need to know that as we vary A we never make 0, 4 = 0q/—1, 4744, SO
that there is no way for cancellation to occur in the above sum. In order for that to happen,
we would need g — 1 —a = d — 1 and A° = A’ + x. That would mean g = a + a/. Since
a,a’ < g/2 this can only happen when a,a’ = g/2. But in this case, we have assumed that
le Aand 1 € A, so we cannot have A° = A’ + x.

When g = 3, we take w as before and the expression for p*w is valid. However, this time,
the 1 classes and boundary divisors are a basis for RY( Sws1), and there is a relation that
expresses /1 in terms of them. Nevertheless, since —, and d, g are independent and appear
only in the term e(—1, + 01 9), it suffices to see that the coefficients of 1, and 0, in x; are
not negatives of each other. This relation is given in [2, Theorem 2.2(b)]. In the notation
there, 6, = > 4 0a.4, and ¥ = > 1 + )., so d1 9 appears with coefficient 7/5 in x4, while 1,
appears with coefficient 1. O

Proof of Proposition[13] for g > 3 assuming the case g = 2. Let w € Rl(Mgfn) be nonzero.
By Lemma , @*w # 0. Thus, there exists a class 7 € R2% > (M< ) such that

g—1,n+1
v - @*w # 0 by induction on g. Setting v = ¢,v, we see v - w # 0 by @ U
The second direction in Theorem [4] is the following.
Proposition 17. For any nonzero element v € Ri“{“”(/\/l;jfn), there exists some class

w € RY M) such that v - w # 0.

The following two lemmas describe all such classes v. Lemma plays a role dual to
Lemma [T6l

Lemma 18. Any classv € Ri‘?“n(./\/l;n) is a linear combination of decorated strata classes
[T, ] with the following features:
(1) There is one vertex of I' of type (0,4), (1,2), (2,0) or (2,1).
(2) All other vertices of T are of type (0,3) or (1,1).
(3) If T has no vertex of type (2,1), then 7y is of degree 0.
(4) If T has a vertex of type (2,1), then =y is of degree 1 on the type (2,1) vertex and
degree O on all other vertices.

Proof. We first prove parts (1) and (2). By Theorem any nontrivial generator of the
group Ri%_4+n(/\/l;fn) has at least ¢ — 3 + n genus 0 vertices, which is one less than the
maximum possible number of genus 0 vertices, g — 2 + n.

We proceed by induction on g and n. As I' is a tree, we may suppose it has a leaf of some
type (¢’,n’). This leaf is glued to a tree I'y of genus g — ¢’ with n — n’ + 2 markings. First
suppose ¢’ = 0. Then 'y must have at least ¢ — 4 + n genus 0 vertices. Hence, we have
g—4+n<(g—¢)—2+ (n—n'+2), which implies n" < 4. That is, any genus 0 leaf is
type (0,4) or (0,3). If the leaf is type (0,4), then I'y has the maximal number of genus 0
components given its genus so all other vertices are type (0,3) or (1,1). If the leaf is type
(0, 3), then I'y has one less than the maximal number of genus 0 components and the claim
follows by induction. Now suppose ¢’ > 0. Then I'y must have at least ¢ — 3 + n genus 0
vertices. Hence, we have g —3+n < (g —¢') — 2+ (n — n’ 4+ 2), which implies ¢’ +n' < 3.
Thus, the allowable (¢’,n') are (1,1),(1,2),(2,1), and (2,0). If the leaf is type (1,2) or (2, 1),

12



then 'y has the maximal number of genus 0 components, so all other vertices are type (0, 3)
r (1,1). If the leaf is type (1,1), then I'y has one less than the maximal or the maximal
number of genus 0 components, and thus has the claimed form by induction.

To prove parts (3) and (4), note that the number of edges in a graph I satisfying (1) and
(2) is 29 — 4 + n, unless I" has a vertex of type (2, 1), in which case there are 2g — 5 +n
edges. In the latter case, there must be a degree 1 decoration and the only place it gives a
non-vanishing generator is on the (2,1) vertex. O

Lemma 19. If g > 3, the map
. p29—5+ ~ p20—5+ 29—4+
pu 1 REZTT( ;t—l,n—i-l) =R gt—l,n+1 X M?l) — REZ "(M?n)
18 surjective.

Proof. If ¢ > 3, any class in Ri%_4+"(/\/l;fn) must be supported on a graph with a (1,1)
vertex by Lemma Thus, all classes in codimension 2g — 4 + n are pushed forward from
the elliptic tail divisor. O

Now consider the commutative diagram obtained by attaching two elliptic tails:

ct ct
MG X MT,

/\

(7) MGy pia X M X MTY

‘\/

MG 1 X
There is a complex
(8) Rl(-/\/lgfn) L, Rl(MCt 1+l X M ) Gl Rl(MCt 2,n+2 X Ml | X M )

Lemma 20. If g > 3, then the complex 15 ezact.

Proof. Let = be the last marking on M, .. Suppose u € ker(a* — 8*) C RY (M, ).
We wish to produce a class w € Rl(/\/l;fn) such that ¢*w = w. We first treat the case
g — 1 > 3. In this case, we can write u uniquely as a sum of compact type graphs with one
edge and ¢ and k classes

u = ZCLF[F] + ZCZ’QDZ + cx@/)x + d/il.
r

=1

Given a graph I', write g(z) for the genus of the vertex containing x. Write I'(—z + 1) for the
graph obtained from I" by removing the marking x and adding 1 to the genus of the vertex
that contained .

Let

w = Z ar[[{—x + 1)] + Zczz/)z + dky.

[:g(z)>g—1—g(z) =1
13



Recall that each of the v classes pulls back to the v class of the same name. Note also that
©*019 = 01,9 — V5. By construction

(9) u—gw=d,+ Y bl

Ig(z)<g—1—g(x)

for some br and ¢, = ¢, + ar,, where I, is the elliptic tail graph.

We have o*[I'] is the sum of graphs where we decrease the genus of one of the vertices by
one and add the marking y on that vertex. Write I'(y # z) for the term in o*[I'] where y
and x are not on the same vertex. Then we have

ot (u — p*w) = b, + Z ['(y # x)] + terms with z,y on same vertex.
2g(1’)<g—1

Let 7 be the automorphism of Mg , ., that swaps z and y. Then,

(10) 0= (a" =B (u—p'w) = (o —th,)+ > by #z)— Y b [Ty #z)).
2g(x)F<g—1 2g(z)F<g—1

The left-hand side vanishes because u and ¢*w are both in ker(a* — ).

If g—1is even, then 2g(x) < g— 1 means that g(z) < (¢9—1)/2,80 g—1—g(x) > g(x)+2.
This means that g(y) > g(x) in the graph I'(y # z). Since g(y) > g(z), the graphs in the
second sum in are distinct from those in the first. Assuming that ¢ — 2 > 2, all terms
on the right hand side of are independent by [2, Theorem 2.2]. Thus, we have ¢, = 0
and br = 0 for all . Hence, considering @, we have u — p*w = 0 so u lies in the image of

*

o

Now suppose g — 1 is odd and that ¢ — 2 > 2. As in the previous paragraph, we learn
that ¢, = 0 and br = 0 for I with g(x) < (¢ — 2)/2. However, when g(x) = (g — 2)/2, then
there is another graph I” with the property that 7(I'(y # x)) = I'" and vanishing of
implies by = br/, rather than that both vanish. If I' has markings x U A on the vertex of
genus g/2 — 1, then I" is the graph with x U A° on the vertex of genus g/2 — 1. In particular,
[[] + [I'] = ¢*[[(—z + 1)]. Hence, considering (9) we see that u — ¢*w is actually in the
image of ¢*, so u lies in the image of ¢*.

Finally, we treat the case g — 1 = 2. Recall that ¢p*x; = k1, but in genus 2 there is a
relation that expresses k; in terms of ¢» and boundary classes [2, Theorem 2.2(b)]. Let us
define er to be —1 if I' has a vertex of genus 0 and % if I' has a vertex of genus 1. Then the
relation is

%‘FZ%—FZGF eRl 2n+1)

When g — 1 = 2, we can write u unlquely as a sum of compact type graphs and v classes

UZZCLF +Zczwz+czwx S Rl( 2n+1)
r

Now, let us set

W = CypKk1 + Z(Cz — )0 + Z (ar — cper)[I(—z + 1)] € Rl( n)

Ig(z)>g—1—g(x)
14



Then,
(11) u—pw = > bl
I'g(z)<g—1—g(x)

for some br. Notice that g(z) < 2 — g(x) implies g(z) = 0, so the sum is over graphs with
g(x) = 0. The rest of the proof proceeds similarly. We find that

(12) 0=(a" = B")(u—¢"w) Zbr (y#=x —Zbr[mil/?é@]

The first sum consists of graphs where g(x) = 0 and g(y) = 2 while the second sum consists
of graphs where g(z) = 2 and ¢g(y) = 0. In genus 1, there are no relations among the
boundary divisors. Thus, the terms on the right are independent, so all b = 0. Considering
, we see that u — p*w = 0, so u lies in the image of p*. U

Proof of Proposition[17 for g > 3 assuming the g = 2 case. Suppose v € R29 4+n(./\/l§fn). By

29—5+n ct 1 ct
Lemmam we can write v = ©,v for some v € RgZ " (M5, ). For any w € Rt (M),
we have

VW= Q0w =70 w

by (6). We will show that (Im ¢*)* C ker p,, so that v -w = 0 for all w only if v = 0.
By induction on g, the pairing induces isomorphisms

~ 2g—6+n C ~ 2g—5+n C
Rl( g— 2n+2)v = RF% ( gt—27n+2) and Rl( g 1n+1)v = Rng ( gt—1,n+1)-
By @, it follows that under these dualities, the map
. R29—6+ 2g—5+n
o — Bt REZTY( ;t—2,n+2) — RES ( ?—1,n+1)
is dual to the pullback map

a* — 3" Riy( tat1) = Rz ( 2nt2)-
By Lemma [20] and duality,
(Im ¢*)* = ker(a* — 8%)* = Im(a, — B.) C ker o,
where the last containment follows from the commutativity of . 0J

Theorem [4] will thus follow once we prove Propositions [I5] and [I7] when g = 2.

4.3.1. Genus 2. The genus 2 analogue of Lemma [16]is the following.
Lemma 21. If g = 2, then the kernel of ¢* : R' (M) — RY (M., ,) is the span of ;.
Proof. We have 0 # \; € RY (M) and R*(M§') — RY(My1) = 0, so A is in the kernel of ¢

with no markings. Now assume n > 0. Considering the commutative diagram

RUMS,) —5 RYME1)

| |

R1 (Mgt) e Rl (Ml,l)
15



we see that \; must lie in the kernel of ¢* for all n.
It suffices to show that ¢* |y is injective for some codimension 1 subspace W C R'(M5)).

We take W to be the subspace spanned by 1 classes and boundary divisors besides ¢; g. Let

n

(13) w = Z a5(517s + Z b5(5075' + Z Cﬂﬂi < W,

= |S|>2 i=1
Se#)
where the sums run over subsets S C {1,...,n}. The pullback is
n
prw = Z as(01,5 + 0o,5+a) + Z bsdo,s + Z citi,
= |S|>2 i=1
SeF£D
where the sum still runs over sets S C {1,...,n}. Using the relations §; 4 = dp - and
Vi=ica 1A>2 00,4 In RY( §'211), we rewrite this in terms of the boundary divisors dg 4:
(14) prw = Z as(00,5e4+2 + 00,54+2) + Z bsdo,s
= |S|>2
SeHAD
n
2 el 2 dal
i=1 iEA,|A|>2
where the sums run over sets S C {1,...,n} and the last sum over sets A C {1,...,n,x}.

Now suppose that ¢*w = 0. Since the boundary divisors dp 4 form an independent set in
RY M, 1), when we collect terms, the coefficient of each dy 4 above vanishes. We use this
to prove that all ag,bs and ¢; vanish. Take some set S C {1,...,n} with 1 € S and S° # ().
Considering the coefficient of 9y g4, in (14)), we have

(15) 02@5%—2%

while from considering the coefficient of 0 gcy,, we have

OzaS+ZCi.

ieSe
Hence, for every set with 1 € S and S¢ # 0, we have
Se-ye
€S iese
In addition, considering the coefficient of do {1,...n 4}, We see
0= Z C;.
i=1
This implies all ¢; = 0. (Indeed, ¢; = Z#i cp and 0 = ) ¢ forces ¢; = —¢;.) Hence,
implies all ag = 0. Finally, given S C {1,...,n} with |S| > 2, considering the coefficient of

do,s shows
0= bS + Z Ci,
€S
16



which implies bg = 0 as well. Thus, considering , we have w = 0. 0
Proof of Proposition [15 when g = 2. Let w € RY( ;tn) be nonzero and write
w=c\ +u
where w’ does not lie in the span of A;. First we assume w’ # 0. Then by Lemma
o'w = *w #0.
By the Gorenstein property in genus 1 [36], there exists v € RE; ' ( f%41) such that
0#0-9"w =0 w,
where the equality is @
Now we assume w’ = 0 and ¢ # 0. Let
€ Mgy x MG, — M3,
be the map gluing the last marked point on each component. Set z = £, (Y®pt) € REz(MS,).
Then

(16) w-z=c\-z=2c&(E N (YRpt)) = (M1 @ pt).

Above, M\ € RE,( 51) = Q lies in the socle degree and is non-zero, which can be seen by
lifting \1¢ to Mz,l and pairing with A\y. By the geometric description of the socle in Section
, it is clear that the map &, sends the generator of the socle of gfl to the generator of the
socle of MS', , so (L6) is nonzero. 0

Next we prepare to prove Proposition [17]in genus 2. The g = 2 analogue of Lemma (19| is
the following.

Lemma 22. Ifn > 1, the group R, (MS')) is spanned by the image of

2.n

Riz (M5h0) 2 REZ (MG ) @ RE(MSY) = Riz (M)

together with the pushforward of ¢ ® pt € Riz (M) @ RE (M, 1) = Rz (MS,).

2n

Proof. By Lemma classes in codimension 2g — 4 + n = n are generated by decorated
graphs where all but one vertex have (g(v),n(v)) = (0,3) or (1,1) and one vertex has
(g(v),n(v)) = (0,4),(1,2) or (2,1). If there are no (2,1) vertices, then such a graph has a
(1,1) vertex.

Meanwhile, there is one such graph that has no elliptic tails, namely we take a (2, 1) vertex
decorated with a codimension 1 decoration and the rest of the graph is (0,3) vertices. We

can take the decoration to be v, because k; is proportional to ¥y modulo boundary divisors
on Mg by [2, Theorem 2.2(b)]. O

Lemma [20 holds when g = 2 as well.
Lemma 23. When g =2 and n > 2, the complex s exact.

Proof. The idea is similar to the proof of Lemma [20], except there are more relations in low
genus. Suppose for contradiction that there exists u € ker(a* — 3*) € R' (MY, ) such that
u ¢ Im ¢*. Since R'(MS', ) is spanned by the boundary divisors d,g, we can write

u = E 655075.

|S[>2
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Note that ¢*; = ¢; = > ;¢ 005 = Oo(iw} + - .- Replacing u with u — Y"1 | cf;. 2190, we
can assume cg = 0 when z € S and |S| = 2. Next, observe that, when written in terms of
boundary divisors,

o* <51,@ + Z wi) = 51,@ — Yy + Z P = (71 - 1)50,{1,...,n,x} + ...
i=1 i=1

has coefficient n — 1 on 6y (1, n} and coefficient 0 on all dg ;). Thus, by replacing v with
U— ==, ey (010 + > iy 1), we can assume cg = 0 when z € S and |S| = 2 and when
S ={1,...,n,z}. Next, replacing u with

uw— Y s @ O15a

z,1eS

we can assume that ¢g¢ = 0 when 2,1 € S, or |S| =2, or § = {1,...,n,2}. (Note that if
1eS,and S #{l,...,n,x}, then p*6; g, = do.s+01,5 = do.5+ 00 5c+4; since 1 ¢ S°+x, this
second term does not change other coefficients we have already fixed to be zero.) Finally,

replacing u with
L Z s 0o
z¢S

we may also assume that cg = 0 when = ¢ S.
In summary, after adjusting u by elements in Im ¢*, we may assume that u has the form

U = E 65(5075.

z€S,1¢8S
[S=3
Se=£(

Now, since u € ker(a* — 8*), we have

0=(a"—f")(v) = Z cs00,5 — Z C500,5—+y-

z€5,1¢8 2€S,1¢S
|5|>3 S>3
S0P SCe£(

Note that in the terms &y p appearing above, |P| > 3 and 1 € P¢. On Mg ,,42, the 6y p = &g pe
with 1 € P° and |P| > 3 are independent by [2, Lemma 3.9]. It follows that all c¢g = 0.
Thus, v = 0 € Im ¢*, which is a contradiction. 0]

Proof of Proposition |17 when g = 2. We have computationally checked the cases n < 1, so
assume n > 2. Let v € RE,(MS',). By Lemma , we can write

U= U+ (Y @ pt),

where 7 € RS ( f'.+1) and c is a constant. Note that .U - A = U - p*A; = 0. Therefore,

v A =& (Y@ pt) - Ay

If ¢ # 0, then v- A1 # 0 by the same argument as in the g = 2 case of the proof of Proposition
[15] Now we can assume ¢ = 0, and in this case the proof is exactly the same as in the case

when g > 3, using Lemma [23] O
18



Combining Propositions [I5] and [I7] shows that the pairing
Riz(Mg,) x Reg T (MGL) — Reg T (MG,) = Q

is perfect. The perfectness of the pairing forbids further relations, thereby proving Theorems
6] and [l O

5. THE GORENSTEIN PROPERTY AND INVISIBILITY

In this section, we study some generalities about the failure of the Gorenstein property.
The failure of the Gorenstein property in Chow follows from its failure in cohomology, by
Proposition [§] We will thus work in cohomology here.

Definition 24. We say that a nonzero class a € RH* (M) is invisible if
a-p=0
for all B € RHW=0F2n=2/ (M8 ).
The tautological ring is not Gorenstein if and only if there exists an invisible class.
We show that certain natural operations on compact type moduli spaces send invisible

classes to invisible classes. This structure arises because of certain operations that preserve
the socle. Let 7 : M, ., — M be the map forgetting the last marked point. Recall that

the socle RH* _6+2"(M;fn) is generated by the fundamental class of the locus parametrizing
maximally degenerate n + g pointed rational curves with g elliptic tails. It follows that

(17) Ty © RH49—4+2n( ;EVH*l) i RH4g_6+2n(M;fn)
is an isomorphism.
Lemma 25. Suppose o € RH*(M' ) is invisible. Then m* o € RH*(MS', ) is invisible.

Proof. Because the Gorenstein property holds for ¢ = 0,1, we can assume g > 2. For any
v € RH¥(MS,), we have
1 *
1= o T Ye)

Therefore, 7* is injective. Let § € RH* =42 =2(M< ). We have
(- f) = a- w0 =0,

where the second equality follows from the assumption that « is invisible. Because 7*« is
not zero and 7"« - § is in the socle degree, the claim follows from the fact that the map in
(17) is an isomorphism. O

Invisible classes also play well with pushforward along gluing maps
(V2 M;ijn X M‘(gj’;,n/ — Zt+g/,n+n’f2'

Given v € H(M',) and v € H* (M) ), we write a®~y € H* (M, x M$ ) for the product
of the pullbacks of these two classes along the projection maps. For g € H*(M;fn X M;?vn/),
we write 3 € RH" (M, x Mg} ) if it admits a tautological Kiinneth decomposition. Because
the tautological ring vanishes beyond the socle degree, we have

RH4(g+g/)—12+2(n+n') (Mgtn > M;& n/) ~ RH4g—6+2n(M;‘nn) ® RH4g’—6+2n' (M;‘E ,) ~ @
’ ’ 19 ’ "



When we glue together two maximally degenerate genus 0 curves, the result is a maximally
degenerate genus 0 curve. Thus, using the geometric description of the socle, we see that
the pushforward map

(18) 0, : RH4g—6+2n(M;1jn) ® RHd9' —6+2n' (/\/l;?’n,) = RH4(9/+n/)—6+2(n+n/_2)< ;tw/’n%,_Q),

is an isomorphism. If o € RH*( M) is invisible, it readily follows that, if it is nonzero,
then ¢.(a ® v) is invisible for any v € RH*(M¢; /). Indeed, for any 3 in complementary
degree to ¢.(a ® 7y), we have

pula@y) - B=a®y-¢"B=0.

Above, the first equality follows from the fact that is an isomorphism; the second equality
follows because the only nonzero terms come from Kiinneth components of ¢*/3 where the
first factor lies in complementary degree to o, and we are assuming « is invisible.

In general, it may be difficult to determine when the pushforward ¢, (o ® ) is non-zero.
One sufficient criterion is if p*p,(a®7) # 0. This class can be computed by considering the
fiber product of the gluing map with itself and using the excess intersection formula:

—(ay) @y —a® (Yp7) if n' > 1

(19) ¢ o(a®) = {(a(ég/,@ )@y —a® (Wyy) ifn = 1.

One case where we can see such classes are non-zero is when v = 1 and (¢',n’) # (1, 1), so
that ¢,y # 0. Another case where we can verify the above pushforward is non-zero is when «
is pulled back from a moduli space with less markings. This is the idea behind the following
result.

Lemma 26. Let ¢ be the gluing map that glues p and p' and let m : ./\/l;tn — ;‘jn_l
be the map that forgets the marking p. Suppose o € RH%( gfn_l) is invisible. Then for any

nonzero v € RH7 (M ), we have ¢, (m* o ®@ v) € RH* T2 (Mg g o) is invisible.

Proof. We can assume g > 2, as otherwise the assumption is vacuous. By the discussion
above, it suffices to show that ¢*p.(m*a ® v) # 0. By (with « replaced by 7*«) it
suffices to show that 7*a -1, # 0if ' > 1 or 7*a - (dy 9 — 1) # 0 if n’ = 1. To see this
class is non-zero, we consider its pushforward along 7: in either case, we obtain a non-zero
multiple of a. 0

Applying Lemma 26| when (¢’,n’) = (1,1) and v = 1, we obtain:

Lemma 27. If RH*(M!, ) is not Gorenstein, then RH*(MS',) is not Gorenstein.

g_17n

In order to prove that RH"(M',) is not Gorenstein for 2g +n > 12, it suffices to show it
is not Gorenstein in the cases 2g+n — 12 = 0 by Lemmas 25 and 27] This idea is illustrated
in Figure . Indeed, once invisible classes are found at the pairs (g, n) marked by red boxes,
we apply Lemma [27] (indicated by the purple horizontal arrow below) followed by Lemma
(indicated by red vertical arrows) to see that all boxes above and to the right are also red.
The case (g,n) = (2,8) (dark red) was established by Petersen [33]. The remaining cases

will be dealt with in Section [6l
20



O =N W s OOy 00,0 O

N

01 2 3 4 5 6 7 8

FIGURE 1. Lemmas and reduce the proof of Theorem [1| to the cases
when 2g +n = 12.

6. THE TAUTOLOGICAL RING WHEN 2¢g +n = 12

Here, we show that RH*(M¢',) is not Gorenstein for (g,n) = (6,0), (5,2), (4,4), and (3, 6),
thereby proving Theorem [T} Then, we will prove Theorem [7]

6.1. Genus 5 and 6. The cases g = 5,6 are simplest, so we treat them first.
Proposition 28. The tautological rings RH*(ME') and RH*(ME';) are not Gorenstein.
Proof. Using admcycles, we calculate

dim REZ (M) =71, dim R (M) =72, dimRz(ME,) =636, dimRP,(MS',) = 637.

It thus suffices to show the 3-spin relations are complete for RH'*(Mg') and RH' (M),
which we do using Lemma [10]
As in Section [2, we calculate upper bounds

dim RH'"(M;) <988 and  dim RH'(M;,) < 7147

by computing the rank of the matrices of 3-spin relations modulo a prime p. Next, we
compute lower bounds for the ranks of the pairings

RH (M) x RH® (M) — Q

and
RH(M5,) x RH®¥(M;.) — Q.

The ranks are 988 and 7147, respectively, and thus the 3-spin relations are complete for

RH(Ms) and RH'(Ms5,). Moreover, by [8, Theorem 1.4], RH®(Ms5) = H¥(Mss) and

RH®(My4) = H¥(M,4). Applying Lemma , we see that the 3-spin relations are complete

for RH'(Mg') and RH'(ME,). O
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6.2. Genus 3. Here, we study the case (g,n) = (3,6).

Proposition 29. The tautological ring RH*(MSY) is not Gorenstein.

In principle, we could follow the same approach as in the proof of Proposition [28 Unfor-
tunately, because of the computational complexity of verifying that the 3-spin relations are
complete for RH®(M;¢) using the pairing method, we need a different approach to study
RHIO(M;6).

The cohomology groups Hk(mg,n) are S, representations. For a partition A of n, we
denote by sy the corresponding S,, representation. The Sg representation H*(M?,,G) was
calculated by Bergstrom and Faber [4] and recorded in [3]. Additionally, by [8, Theorem
1.4], H*(M34) = RH*(M3). From these results, we have the following proposition.

Proposition 30. As an Sg representation, RH'O(Msg) = H'O (M) is

(20) 4482’14 + 108683713 + 767822712 + 585184712 + 6034837271
+ 1144555 + 1032755, + 10389542 + 4266535 + 571356,

Corollary 31. We have dim RHIO (M3 ¢)52>52x52 = 80863.

Proof. To compute the Sy X Sy X Sy invariants, we need to find the number of copies of the
trivial representation in the restricted representation

Resgg ><S2 XSz RH 10 (M&ﬁ) ‘

By Frobenius reciprocity, this number is the same as the inner product of RH(M3) with
the induced representation

Indg? s, s, (1R 1B 1) = 893 + 25321 + 832 + 5412 + 3s42 + 2551 + S6.
Thus, by Proposition we have
dim RH (M)%2752%%2 = 1144 + 2(6034) + 4266 + 5851 + 3(10389) + 2(10327) + 5713
= 80863. O
Proof of Proposition[29 Because the intersection pairing
RH® (M) x RH (M) — Q
is Sg-equivariant, it suffices to show that
dim RH®(M§')52X52%52 o dim RH' (M) 72752752,
Using admcycles, we Calculateﬁ
dim REZ (M5g)5%%2 < 13159 and  RE,(Ms6)%*52*% < 80863.
Hence, we have
80863 = dim RH' (M3 6)%2752%%2 < dim Rez( M3 6)525252 < 80863,

where the first equality is Corollary 31} It follows that the above inequalities are all equalities
and that the 3-spin relations are complete for RH!®(M3)52%52%52. By [8, Theorem 1.4], we

4These calculations are done by reducing the matrix of relations modulo p, which is the reason we obtain
only an inequality.
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have H¥(M,g) = RH¥(Mayyg), so Lemma |10 shows that the 3-spin relations are complete for
RHIO(Mth)SZXS2XSQ.

Meanwhile, computing the rank of the matrix of relations (this time over Q to obtain the
exact rank), we have

dim Ry (M) %2752 = 13160.
Thus, we conclude
dim RH®(M)%27%27%2 < dim RE, (M§)%2*52°%2 < 13159
< 13160 = dim R, (M')%7%7% = dim RH'O (M52 "527%2,

and so RH"(MS) is not Gorenstein. O

Remark 32. The only reason for taking Sy x Sy X Sy invariants in the above proof is
computational. We are unable to compute dim RE,(M36) using admcycles.

6.3. Genus 4. Here, we study the case (g,n) = (4,4).
Proposition 33. The tautological ring RH*(M$,) is not Gorenstein.

We follow the approach in Section[6.2} but we need a few new results about the cohomology
of My 4. Because all cohomology of My 4 is tautological [8, Theorem 1.4], we can write its
Poincaré polynomial as

26
(21) D (—1) dim H (M)t ZdlmRH2J 2a)t¥.

i=0
By Poincaré duality, the polynomial (21} @ ) is determined by dim RH% (Myy) for 0 < j < 6.
The Euler characteristic x(My4) determines one linear relation among the dimensions of
the cohomology groups. It was calculated by Bini and Harer [5, Table 2].

Lemma 34. We have x(My4) = 327584.

To obtain two more linear relations, we use point counting results of Faber [13]. Because
the cohomology of My, is pure Tate |8, Theorem 1.4], its point count over F, is given by
substituting ¢ = ¢ in the expression (21)):

26 13
#Mya(Fy) =D (1) dimH' (My4)g’ =)  dim RHY (M, 4)¢”
i=0 Jj=0

Faber has computed the point counts when ¢ = 2,3 [13].
Theorem 35 (Faber). We have
HMyy(Fo) = 327154288 and  #My4(F3) = 538336652.

Finally, using the pairing method in a computationally feasible range, we determine the
dimensions of three of the cohomology groups.

Lemma 36. We have
dim RH?*(M,4) = 41, dim RH*(M,,) = 589, dim RH®(M,,) = 4467,

and the 3-spin relations are complete in these cases.
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Proof. Using admcycles, we compute
dim Ry, (My4) =41, dimRE;(My4) =589, dim R}, (My,) = 4467,

giving upper bounds on dim RH* (ﬂ4y4) for i = 1,2,3. To obtain lower bounds, we compute
the rank of the pairings

RH*(My.4) x RH* (M, ) — RH*(M,,) 2 Q

as in Section [2] In each case i = 1,2, 3, the rank of the pairing agrees with the previously
calculated upper bounds, so the 3-spin relations are complete, and the dimensions of each
group are given by the upper bounds. O
Proof of Proposition [33. The Poincaré polynomial of M, 4

13

> dim RHY (M )t

j=0
is determined by the coefficients of t%/ for 0 < j < 6 and Poincaré duality. Lemma [36] gives
the first four coefficients. Lemma [34] and Theorem B3] determine the values of the Poincaré

polynomial at ¢ = 1,2,3, giving three linear relations among the coefficients. Solving the
system, we see that dim RH'(M, 4) = 52761. Using admcycles, we have

dim R}, (M, 4) < 52761,
which shows the 3-spin relations are complete for RHlO(mM). By Lemma , the 3-spin
relations are complete for RHIO(Mflf4).
Using admcycles, we calculate
dim R (M) <6222  and  dimRH'(MF,) = dim R, (M) = 6224.
Therefore, we have
dim RHS( 24) < dim Réz( Zf4)

< dim RE (M)

= dim RH'*(M{',),
so RH*(M{',) is not Gorenstein. O

6.4. Proof of Theorem [7} As in Section [, we compute an upper bound for the dimensions
of RZ(/\/lgtn) by calculating the rank of the matrix of 3-spin relations modulo a prime. We
calculate lower bounds by computing the rank of the intersection pairings

RIME,) x R (M) = @
The upper and lower bounds agree and the pairing is perfect, except for when i = L@j

Hence, the 3-spin relations are complete when i # [22#2]. For (g,n) = (6,0) and (5,2),
we have also shown the 3-spin relations are complete for i = f@} = 5 in the proof of
Proposition 28|
When (g,n) = (7,0), we compute that the pairing
R*(M7) x R(M7) — Q
has rank 277. This matches the upper bound for R*(M¢$') by calculated the matrix of 3-spin

relations. Therefore, dim R®(M$') = 277. From calculating the rank of matrix of 3-spin
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relations, we have dim RS(M<') < 278. By Lemma [27] the kernel of the pairing is at least
one dimensional, hence dim R¢(MS') = 278. O

Remark 37. The only obstruction to extending Theorem [7| to a few more cases such as
(9,m) = (4,4) and (g,n) = (3,6) is computational. We have not been able to carry out the
necessary calculations in high codimension for these cases.

7. COMPUTATIONAL ASPECTS

Many of the results above are based on extensive computer calculations using the software
package admcycles [11]. The standard functions in the package (for computing ranks of
tautological rings, intersection matrices, etc) are well-suited for computations with small
g,n. However, some of the results above required working on spaces Mg,n and ./\/lgtn outside
this range, leading to a steep increase in combinatorial complexity.

In the following sections we give a summary of some of these challenges and the math-
ematical and algorithmic adjustments that allowed us to finish the calculations. To avoid
repetitions, fix some ¢, n and denote by M either MM or M;tn

7.1. Matrices of 3-spin relations. A first step in many of the computations is calculating
the 3-spin relations FZ"(M) C S"(M). For this, admcycles first enumerates all decorated
strata [I",y] forming the basis of S"(M). The standard ordering of this basis lists the graphs
[’ in increasing number of edges, and each of them is then decorated in all possible ways
with & and 1-classes. For M = M’ all decorations v = ] (r) Yo With deg(7,) greater
than the socle degree of R*(M;t(v)vn(v)) are omitted.

The relations themselves are stored as the rows of a matrix Mgz whose columns cor-

respond to the above basis of S"(M). The rows themselves are enumerated by tuples
T = (F07U07 D7 (7@)1};&1}0) of

e a stable graph I'g of a stratum of M together with a choice of vertex vy € V(I'y)
where a 3-spin relation will be inserted,

e combinatorial dataE] D determining which relation is glued into vy,

e decorations 7, at all other vertices v € V/(I') \ {vo}.

veV

Again, the implementation in admcycles lists these tuples T in increasing order of number
of edges of I'g. Since the relation associated to 7' is supported on decorated strata [, 7]
such that I'y is a contraction of I', the corresponding matrix Mgz is in general a non-square
matrix with roughly upper-triangular shape. For instance, relations associated to 17" with
|E(I'g)| > e will not feature any decorated strata [[',y] with E(I') < e. As a result, the
matrix Mgz is in general quite sparse. We list a few examples of dimensions, ranks and
densities of such matrices in Figure [2]

On a practical level, the matrix Mgz is calculated entry by entry: there is a function
FZ_coeff which given the data of T" and a decorated stratum [I', 7] computes the associated
entry of Mgz (in row T and column [T, v]).

Compared to the default implementation in admcycles we made the following optimiza-
tions for the project above:

®We will not need the precise nature of D in the following discussion, but see [35] for details.
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M |r| mez |dimS (M) | rank Mgz P
./\/lflfg) 31 1052 1400 832 0.0368000
93| 5| 67138 27359 26791 | 0.0048397
MZ?:)) 71799508 154522 154502 | 0.0017108

FIGURE 2. Some examples of moduli spaces M and Chow degrees r, for which
we list the number mgz of rows and dim S”(M) of columns of the 3-spin matrix
Mgz, as well as its rank and density p of non-zero entries

e The calculation of the rows of Mgz was parallelized: there is one parent process
enumerating the tuples 7" indexing the rows of the matrix, which are distributed to
a number of child processes which calculate the individual rows.

e The output of the function FZ_coeff is calculated from different contributions (e.g.
from various vertices) and the functions calculating these contributions will by default
cache all of their previous results. While this speeds up the calculation, it also lead
to significant memory blow-up. After analyzing this memory usage, we switched to a
Least Recently Used (LRU) caching with a fixed number of cache entries. In practice
LRU caching still provides moderate speedup while significantly reducing the memory
profile of FZ_coeff.

e Instead of storing the rows of the matrix in the working memory, they are saved to
the disk storage using the shelve library in Python. This allows us to restart partial
computations and to share the resulting 3-spin matrices.

7.2. Ranks and basis vectors. After obtaining the relation matrix Mgz, we want to either

e calculate its rank, to determine the conjectural dimension of the tautological ring as
dim S"(M) — rank Mgz,

e calculate a conjectural basis of R"(M) as a subset of the generators of S"(M), using
the rows of Mgz to eliminate such generators until we obtain a linearly independent
set; in this case, we prefer to have a basis supported on graphs with few edges (since
e.g. this makes it easier to calculate the intersection numbers in the next section).

In practice, both of these goals can be achieved by computing a row-reduced echelon form
of Mgz, since the basis elements will correspond to columns of this echelon form not given
by pivots.

The default implementation of admcycles performs this echelonization over the rational
numbers (since the entries of Mgz are by default elements of Q). This has the advantage
that the resulting echelon form allows us to express arbitrary generators of S*(M) in terms
of the conjectural basis of R*(M), and this is used e.g. when comparing tautological classes.
The two draw-backs of working over (Q are that

e divisions during the elimination process generally lead to a blow-up of denomina-
tors. While SageMath can calculate with rational numbers having numerator and
denominator of arbitrary size, this can require significant memory usage.

e many specialized libraries for (sparse) linear algebra are geared towards calculations
over finite fields.

In practice, choosing a random mid-sized prime (like p = 4001), we can convert the matrix

Mez to a matrix MF, over F,. This conversion only uses that none of the denominators of
26



any entry are divisible by p. The expectation is that both the rank and the pivot columns
of the echelon form of the matrices Mgz and M,’:’z coincide.

More formally, it is the case that reducing mod p can only lower the rank of the matrix,
which would make us miss a tautological relation. When calculating the pairing matrices in
the next step, this would produce an unexpected element in their kernel (representing the
missed relation). Thus, if the intersection matrix does have full rank, we can a posteriori
conclude that the reduction modulo p did not change the rank of Mgz.

Most calculations in the paper above were performed using the sparse echelonization al-
gorithms of the LinBox library [12].

Here there is a subtle phenomenon: the standard row-reduced echelon form chooses the
lexicographically smallest set of pivot columns in the row reductions. When applying it to
the matrix MF, this benefits from the roughly right-upper-triangular nature of the matrix,
since the elimination process does not fill too many of the zero entries of the matrix during
intermediate steps. However, we do encounter a problem when trying to compute a basis
of R"(M) consisting of decorated graphs with few edges. For this we need to find the
lexicographically largest set of pivot columns, essentially running the echelonization on a
vertical flip of the original matrix ME,. Now the matrix is left-upper triangular, which leads
to significantly more fill-in in the intermediate stages of the algorithm. For this reason, we
sometimes manage to calculate the conjectural rank of R"(M) but fail to obtain a candidate
basis.

7.3. Intersection pairings. Assume that in the previous step we managed to calculate that
S"(M)/FZ" (M) has dimension d,. Then one way to show that the set FZ"(M) of 3-spin
relations is complete is to show that the intersection pairing

S (M) x S“(M) — Q

has rank d,., where . = socdeg(M) — r is the complementary degree to r. In principle this
is a finite calculation, but again there are several possible speedups:

e If via the previous step we were able to obtain conjectural bases for R"(M) and
R™ (M) then we can just calculate the pairing matrix (which is expected to be densely
filled with entries in Q) and compute its rank. This calculation can also be done
modulo p, since a lower bound on the rank is enough.

o If we have a conjectural basis B for R"(M) but not for R™(M), we can instead
follow a heuristic algorithm: we iteratively choose generators of S¢(M), compute
the vectors of intersection numbers with elements of B and add them as rows to a
matrix /. By performing row-reductions on I from time to time, we can monitor
its rank, and the calculation finishes when this rank becomes maximal (equal to the
cardinality d, of B). In practice, one can start with picking random generators of
S’ (M) with at most ey > 0 edges, and increase the bound ey if the rank of I starts
stabilizing.

e If only the rank of R"(M) is known, one can apply the above heuristic by similarly
choosing increasing sets of generators of S"(M) and S™(M) and tracking the rank
of the resulting square matrix. The disadvantage is that previous echelonizations of
intersection matrices I cannot obviously be used in the next step since both rows and

columns are added to I.
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Again, since calculations of intersection numbers are logically independent, some speed-up
via parallelization is possible when calculating the entries of the matrix I.
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