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Abstract

We compute the integral Chow rings of M n for n = 3,4, The alternative compactifications introduced by Smyth
— and studied further by Lekili and Polishchuk — present each of these stacks as a sequence of weighted blow-ups
and blow-downs from a weighted projective space. We compute all the integral Chow rings by repeated application
of the blow-up formula.
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2 L. Battistella and A. Di Lorenzo

1. Introduction

‘Moduli spaces are a geometer’s obsession’ and studying their intersection theory is a most natural
problem. They come equipped with a wealth of rautological classes which, sometimes but not always,
generate the Chow ring (or even cohomology; see [ 10] for recent progress and an up-to-date overview of
the literature), and the relations among which are largely mysterious (but closely linked to enumerative
geometry, see for instance [27]). The study of rational Chow rings of moduli spaces of stable curves
was initiated by Mumford [25], spurring a beautiful line of research [14, 15, 19, 28, 9]. Integral Chow
rings [13, 40] are harder to compute, but they encode far more information. Keel computed the integral
Chow ring of My, for every n > 3 [20]. In recent years, the topic of integral Chow rings of moduli
of stable curves has witnessed a growing interest [23, 12, 11, 29], prompting the development of new
computational tools, most notably higher Chow groups and patching. In this context, it is natural to
extend the stack of stable curves to include some curves with worse singularities and a torus action,
which are then excised. e

In this project we compute the integral Chow rings of M, ,, for low values of n by leveraging the
geometry of alternative compactifications. Over a field of characteristic # 2,3 we prove:

Theorem A (=~ Corollaries 2.18 and 2.19). For n < 5, the stack Ml,n can be obtained by a sequence
of weighted blow-ups and blow-downs from a weighted projective stack.

Theorem B (~ Theorems 3.7 and 4.15). For n = 3,4, the integral Chow ring ofmlgn is generated by
A and boundary divisor classes; we explicitly compute the ideal of relations.

The cases n = 5,6 are analogous, but computationally more challenging. In [4] we carry out the
computation of the integral Chow ring of every modular compactification of M ,, n < 6, in the stack
of log canonically polarised Gorenstein curves by patching.

1.1. Wall-crossing integral Chow rings

The first ingredient of our strategy are Smyth’s alternative compactifications of M , [34]: he introduces
Gorenstein singularities of genus one — of which he produces an explicit list — to replace elliptic bridges
with few special points, thus simplifying the boundary of Ml,n in the spirit of the Hassett—Keel program
(log MMP for the moduli space of curves). Typically, elliptic singularities have moduli (crimping spaces),
resulting in flipping contractions. The maps among these new compact birational models of M, ,, can
be resolved explicitly, on one side by adding to the nodal curve the data of a Gorenstein contraction,
and on the other by forgetting the stable model [32, 36]:

Mia(3)
02 Pn-2
Mip =2 My p(1) === == === mm oo > Min(2) -=-------- > Min(n—2) == M u(n—1).

The morphism p 1 is the ordinary blow-up centred in the locus of elliptic m-bridges, whose exceptional
divisors are explicit torus bundles parametrising the attaching data for an elliptic m-fold point. The
exceptional loci of p,,, instead, can be identified with M ,,(m — 1).

The second ingredient of our strategy is Lekili’s and Polishchuk’s identification of ml,n(n —1) with
an explicit closed substack of a certain weighted projective stack [24]. For n < 6, this is the projective
stack itself, or can be identified with a Grassmannian, making the Chow ring of /\_/ll,n (n—1) easy
to compute. Moreover, by applying the criterion for weighted blow-ups of [1] we prove the following
result, which may be of independent interest.

Theorem (Theorem 2.16). If m < 5, the morphism py, is a weighted blow-up of Ml,n(m) centred
at the locus of elliptic m-fold points Ell,,(m), where the weights (ao, .. .,an) are determined as in
[24, Theorem 1.5.7] so that M ,,(m — 1) = P(ay, . .., am).
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Table 1. Hilbert series of Smyth’s alternative compactifications of M 4.

Mia(l) Mi4(2) Mi4(3)

h(t) 1+ 112+ 182 + 1163 +¢* 1+7t+72 +763 +¢* T+t+t2+03+1*

The third and final ingredient of our strategy is the weighted blow-up formula for integral Chow rings
[2, Corollary 6.5]: by repeatedly applying it, we climb our way from /\_/11, n(n—1)to ./\_/ll, n- Under an
assumption of surjectivity of the Gysin pullback to the blow-up centre, the Chow ring of the blow-down
can be identified with a subring of the Chow ring of the blow-up, which can be computed by elimination
theory: this is the most computationally challenging (and least explicit) step in our scheme.

In passing, we compute the integral Chow rings of all M ,(m) for m < n, including in particular

Schubert’s pseudostable curves ﬂ?; = ml,n(l). See Table 1 for their Hilbert series (n = 4).

1.2. Relation to other work

By tensoring with Q, our results yield presentations for the rational Chow rings of the moduli spaces
Mlgn of pointed elliptic curves for n = 3, 4. These have been computed by Belorousski in his thesis [5]
(although the presentations therein are not completely explicit). Also, the rational Chow ring can
be deduced from combining work of Petersen on the tautological ring in cohomology [30] with the
observation that the Chow—Kiinneth generation property (implying cohomology equals Chow) is stable
under weighted blow-ups and blow-downs (see [3] and [10]). As a sanity-check, we recover the expected
Hilbert series:

RA*(Mi3),0) = 1+5t+52+1,  h(A*(Myg).1) = 1+ 126 + 2317 + 1283 + 1*.

Our strategy sheds some light on previous work of Inchiostro [ 18], who presented M, 2 as aweighted
blow-up of a weighted projective space and used this to compute its cohomological invariants. Bishop
has computed the integral Chow ring of the interior M, , for all n < 10 [6], and of the Deligne—
Mumford compactification for n = 3 [7]. Newman [26] has computed the first higher Chow group of
M, forn < 4.

1.3. Conventions

We work over a field of characteristic different from 2 and 3, because cusps and tacnodes have extra
automorphisms otherwise. A curve (resp. an affine curve) over a scheme S is a proper (resp. affine) and
flat morphism C — § whose geometric fibres are connected, reduced and of dimension one.

2. Alternative compactifications and weighted blow-ups

In this section we prove that Smyth’s compactifications Mlgn(m) are all connected by roofs of weighted
blow-ups for m < 5 (see Theorem 2.16 and the following corollaries). In §2.1 we recall the notion
of a weighted blow-up, and a criterion for detecting when a given morphism is a weighted blow-up.
In §2.2 we recall the weighted blow-up formula for integral Chow rings. From §2.3 on, we describe
the birational geometry of Ml,n (m). We also develop some tools for the computation of fundamental
classes of singular loci in the Chow ring.

2.1. Weighted blow-ups

Roughly speaking, a weighted blow-up replaces a closed substack ¥ € X with a weighted projective
bundle over Y. With respect to the ordinary case, the weighting offers an extra degree of freedom.
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Table 2. Table of notations.

C, wc a Gorenstein curve and its dualising line bundle

M, (m) Smyth’s stack of m-stable curves, 0 < m < n (Section 2.3), resp. a blow-up thereof, if

. m € 12\ Z (Definition 2.15)

M m+ stack of almost m-stable curves (Section 2.4)

S={S1,...,S¢} a set partition of [n] = {1, ..., n} into € parts, of which the last £ — k parts are singletons
Ts (m) locus of elliptic S-bridges in M ,, (m) (Definition 2.12)

Ellg (m) locus of elliptic S-singularities in W,,n (m) (Definition 2.13)

Cu,,, Tacg, s, , Trig,|s,|s;
L, ¢i

cuspidal, tacnodal, 3-elliptic loci with specified markings distribution
cotangent line bundle at the i-td marking, and its first Chern class

H(m), Am) Hodge line bundle on M, (m), and its first Chern class

Ap, o1 (or Ag,zc, So,1¢) divisor of curves with a rational tail marked by 7, and its class

Tij divisor class of curves with a rational tail marked by {i, j} in MIA 2)
Bi. Bij exceptional divisor classes in M 4(3) over Tac;, Tac;; in M 4(2)

Moreover, weighted blow-ups are not schematic. We recall some basic facts, referring the reader to the
foundational work of Quek and Rydh [31].

Definition 2.1. A weighted embedding is a filtration Iy > I} D - --
such that:

D I, D ... of ideal sheaves in Ox

o Ip=Ox,

o for every n, m > 0 we have I,1,, C I,;+,n,, and

o locally in the smooth topology on X, there exists a sufficiently large positive integer d such that, for
all integers n > 1,

I la

d : liEN,ZiliZn

in which case we say that I, is generated in degrees < d.

1 4l
L=

The Rees algebra 1, := P I,t" ¢ Ox|[t] is Z-graded, corresponding to a Gyy-action on Specy (1),
which is therefore a cone. Let I, be the ideal generated by ¢, corresponding to the vertex of the cone.

Definition 2.2. The weighted blow-up of X at I, is
BILX = Projy (L) := [(Specy (1) \ V(1)) /Gu] — X.

Here Proj is taken in the sense of quotient stacks (as opposed to the usual Proj, that is, the schematic
quotient). The weighted blow-up centre is Y = V(1) C X.

Ordinary blow-ups correspond to taking I,, = I". In this case, the Rees algebra is generated in
degree 1, and the blow-up is schematic over the base.

Given a grading of the generators of an ideal /, we can define a filtration by defining 7, C I to be the
elements of degree > n. When the filtration /, comes from a grading, we say that the weighted blow-up
is at Y = V(1)) rather than at I,.

A fundamental example is the weighted blow-up of A™ at 0. Given weights (aj, . .
a filtration of I = (xy, ..., X, ). The weighted blow-up can then be described as

.,am), this defines

klxt,...xm][s,x], ... x]

BlgA™ = Proj
) (1 = s9x], o X — 59mxy,)
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with x; in degree 0, x/ in degree a;, and s in degree —1. The exceptional divisor in this case is the
weighted projective stack

Plai,...,am) = [A™\ {0}/Gn],

where Gy, acts on A™ with weights (ay,...,a,). Given a subset J = {ji,...,j»} C I such that
ged(aj,,...,a;, ) = d, the vanishing locus of the J¢-labelled coordinates has generic stabiliser . The
projective stack P(ay,...,an) is always smooth, whereas its coarse moduli space is in general not

smooth as a scheme.

Definition 2.3. A weighted blow-up Bly X — X is called regular when, smooth-locally on X, there
exists a flat map X — A" such that f~!(0) = Y (in particular, Y is regularly embedded), and such that
(again smooth-locally) the weighted blow-up is isomorphic to BlpA™ Xam X.

Given a regular blow-up, the exceptional divisor is the weighted projective bundle over Y
& =[N\ No/Gn]

where A is the normal bundle of Y (and N its zero section). It inherits a G,-action that smooth-locally
looks like the linear Gy,-action on A™ with weights (ay, ..., a;).
The following is a generalisation of Artin’s criterion for regular weighted blow-up.

Theorem 2.4 ([1], Theorem 1.1). Let X and Y be smooth, tame and separated Deligne-Mumford stacks,
and let m: £ — Y be a weighted projective bundle with positive dimensional fibres. Assume that there
is a closed embedding £ — X as a Cartier divisor, such that Oz (E)e = Og(=1) ® n*L for some line
bundle LonY.

Then there is a smooth, tame and separated Deligne-Mumford stack X, with a closed embedding
i:Y — X and a morphism p: X > X thatis a regular weighted blow-up with reduced centre Y.
Moreover, the resulting square is a pushout in algebraic stacks.

2.2. Integral Chow rings and blow-up formulae

The classical blow-up formulae of [16, §6.7] have been generalised to weighted blow-ups by Arena and
Obinna [2]. We will only use a special case, which we recall for the reader’s convenience. Let X be
a regular weighted blow-up of a smooth Deligne—Mumford stack X with centre Y, where t: ¥ — X
denotes the regular embedding. Suppose moreover that the pullback homomorphism of Chow rings
1 AY(X) — A*(Y) is surjective. Then we have the following simple formula [2, Corollary 6.5]:

AT(X) = A"(X)[1]/ (1 - ker(:"), Q (1)) @.D

where t = —[£] is the opposite of the fundamental class of the exceptional divisor, and Q (1) € A*(X)|[¢]
is defined by replacing the #-constant term of cf:’;g (N) with the fundamental class of Y. We explain this
in more detail.

By assumption, the normal bundle N of Y in X has a Gy-action, which, smooth-locally on Y,
is linear. We can therefore consider the Gy,-equivariant Chern classes of N, which are elements of
the Gy -equivariant Chow ring of Y. The latter being endowed with the trivial Gy,-action, we have
Az&m (Y) = A*(Y)[¢]. In particular, we can think of cgg () as a polynomial in the equivariant variable .
The surjectivity of ¢* implies that we can lift its coefficients to X. In particular, we can find an element
Q' (1) € A*(X)[t] such that .*Q’(t) = cg‘; NM)(©) - cg‘s (N)(0). Finally, the polynomial Q(¢) is defined
by adding in the fundamental class of Y, that is, as

() =Q' (1) +[Y] € A"(X)[1].
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Putting everything together, we see that, given a presentation for A*(X), a presentation for A*(X)
can be computed from the following ingredients:

1. generators of the ideal ker(¢*: A*(X) — A*(Y)),
2. the fundamental class of the centre [Y] € A*(X) and

3. the top equivariant Chern class c(g‘l’; (Ny/x)-

2.3. Alternative compactifications of M ,, I

Smyth produced some alternative compactifications of M, in [34]. The idea is to trade a higher
local/algebraic complexity (worse-than-nodal singularities, such as cusps and tacnodes) for a lower
global/combinatorial complexity (subcurves of genus one are required to have many special points; in
a smoothing family, those that don’t may be contracted to a singularity as above).

We start by recalling the relevant curve singularities. Smyth classified all the isolated Gorenstein
singularities of genus one!: there is exactly one analytic type for every number m of branches.

Definition 2.5. Let k be a field of characteristic different from 2, 3. A k-point of a curve C is called an
elliptic m-fold point if the analytic germ of C at p is one of the following:

ko, /(3> =) m=1 ordinary cusp, A,
Op  ~ kllx, y1/(y* = yx*) m=2 ordinary tacnode, A3
CP = kxy]/(x2y - yx?) m=3 planar triple point, D4
k[x1,....Xm-1]]/Im m = 4 m-general lines through the origin of A”~!

where I,,, is the ideal generated by the binomials x;x; — x;x;, for all i, j, h € [m —1].

Smyth proved that elliptic £-fold points arise in one-parameter smoothing families exactly when we
contract a genus one subcurve E of the nodal central fibre C, such that |[E N ml = {. Up to blowing
up the markings, then, we can always replace genus one subcurves with £ < n special points with an
elliptic £-fold singularity. This motivates the following:

Definition 2.6. Let 0 < m < n. An m-stable n-pointed genus one curve over S is

(m: C > S,p1,...,Pn)

where C — S is a proper curve (cf. Section 1.3) such that:

1. the morphism : C — S is a family of projective curves of arithmetic genus one, whose fibres have
only nodes and elliptic £-fold points as singularities, with £ < m;

2. the morphisms p; : S — C are disjoint sections of 7 whose images are contained in its smooth locus;
let us denote their union by X, then

3. for every geometric point s € S, and for every connected subcurve of genus one E C Cg, the latter
contains more than m special points (Smyth calls this number the level of E):

lev(E) :=|EN(Cs \ E)|+|ZNE| > m;

4. for every geometric point s € S, we have H%(Cy, QL (-ZNCy)) =0.

Notice that O-stability coincides with the classical Deligne—-Mumford stability.

Every Gorenstein curve of arithmetic genus one admits a decomposition into a minimal elliptic
subcurve (also called the core, or elliptic spine; this can be an elliptic curve, a nodal wheel of P!, or
an elliptic £-fold point with exactly £ branches ~ P') and a union of rational trees, attached nodally.

1The genus g = § — m + 1 of a singularity is an analytic invariant representing the local contribution of the singular point to
the arithmetic genus of a projective curve containing it; for instance, an ordinary m-fold point, the singularity of the coordinate
axes in A", is rational.
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The dualising bundle of the core is trivial. Condition (3) above can be equivalently required of the
core only. Condition (4) above implies the finiteness of the automorphism group. It can be phrased
combinatorially: every branch of an elliptic {-fold point must contain at least one marking or node, and
at least one branch must contain at least two. Smyth proves the following:

Theorem 2.7 [34, 35]. Fix 0 < m < n. The moduli stack ./\_/ll,n(m) of n-pointed, m-stable curves of
arithmetic genus one is a proper Deligne—Mumford stack over Spec(Z[%]); it is smooth if and only if

m < 5. Its coarse moduli space is projective, and it arises from the log MMP of Ml,n.

Smoothness follows from the deformation theory of Gorenstein rings in codimension 3 [35, Cor. 2.2].
More generally, these stacks are normal, Gorenstein and smooth in codimension < 6 [24, §1.5]. So,
only in the range m < 5 are the Chow rings of Smyth’s spaces defined.

2.4. Alternative compactifications of M p, 11

Motivated by homological mirror symmetry, Lekili and Polishchuk constructed alternative compacti-
fications of M, from As-structures. They consider the moduli space ;" | of nonspecial curves
(C,p1s---»pm+1), Which we will also call almost- m-stable and denote by Ml,m+1, consistently
with [11]. Lekili and Polishchuk compute an explicit normal form for these curves. When restricted to
Spec(Z[é]), this yields explicit coordinates on Smyth’s moduli spaces M 41 (m).

Definition 2.8 ([24], Definition 1.4.1). An almost m-stable (m + 1)-marked elliptic curve over S consists
of the data (n: C — S,{p1,...,Pm+1}) Where « is a curve of arithmetic genus one, and the p; are
smooth and disjoint sections of 7 such that, for every geometric point s € S:

1. B%(Cs,Oc,(pi)) = 1foralli=1,...,m+ 1,
2. and Oc,(p1 + ...+ Pm+1) is an ample line bundle.

The total space u 1”;2 N of the G,-torsor associated to the Hodge line bundle H = .5 OVer M 1,m+1
is an affine scheme with natural coordinates, by which Lekili and Polishchuk prove:

Proposition 2.9 ([24], Proposition 1.1.5 and Theorem 1.4.2). Let V; denote the Gy, -representation of
weight d. Then we have the following identifications:

(m=0) My = [V4® Vs/Gnl:

(m=1) M, =~[V,®V38V4/Gp];
(m=2) Mz =[Vi @V & V3/Cpl ;
(m=3) My4~ [V @ V?/Gpl.

Interestingly, it can be proved a posteriori that the singularities of an almost m-stable m + 1-marked
curve are at worst elliptic (m + 1)-fold points. Indeed, the unique point with Gy,-stabiliser in each of the
above corresponds to the (m + 1)-fold point with one marking for every branch, and the stack is nothing
but (the quotient by the natural action of the multiplicative group of) the miniversal deformation of such
a singularity (see also [37]). _

This has two fundamental consequences: first, by removing 0 from H, the Gy,-quotient is a weighted

projective stack; and second, since 0 represents the only m-unstable curve, the quotient can also be
identified with Smyth’s M .11 (m).

Proposition 2.10 ([24], Corollary 1.5.5 and Theorem 1.5.7). We have the following isomorphisms:

(m=0) M, ~P(4,6);

(m=1) M,,(1) =~ P(2,3,4);
(m=2) M;3(2) ~P(1,2,2,3);
(m=3) M;4(3) =~P(1,1,1,2,2).

Moreover, these isomorphisms identify the Hodge line bundle H(m) with Op(1).
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2.5. ...and maps between them

Since the locus of smooth pointed elliptic curves is a dense open substack of every Hl,n(m), these
spaces are all birational. The birational maps:

M pu(m=1) = My, (m) (22)

are regular if and only if m = 1 (contraction of elliptic tails to ordinary cusps, cf. [33, [7])orm =n—1
[35, Corollary 4.5].

A simultaneous resolution of indeterminacy, inspired by tropical geometry, has been devised by
Ranganathan, Santos-Parker and Wise [32].

For the purpose of our computations, it is more convenient to have a step-by-step resolution, per-
forming only the necessary blow-ups every time. Such a resolution has been described by Smyth in
[36, §2.2]. The map (2.2) above is not defined precisely where the minimal subcurve of genus one has
exactly level m. In order to distinguish the components of these loci, it is useful to refine the notion
of level of a subcurve to take values in (set-)partitions of {1,...,n}. It was the intuition of [8] that
this is the way to obtain all the compactifications of M, ,, by Gorenstein curves with smooth, distinct
markings. Set [n] :={1,...,n}.

Definition 2.11. Let (C, py, ..., pn) be a Gorenstein curve of genus one.

1. Let E be a subcurve of C of genus one. The level of E is the partition of [n] obtained by grouping all
the markings that belong to the same connected component of C \ E; by convention, markings lying
on E make up singletons of lev(E).

2. If C contains an elliptic m-fold point g, the level of ¢ is the partition of [n] describing how the
markings subdivide among the connected components of C \ {¢}.

Let S € ([;‘1]) be a partition of n into m parts Sy, ..., S,,. Up to reordering, suppose that |S;| = 1 if
and only if i > k = k(S). We adopt the notation S| ... |S,, to represent S.

Definition 2.12. We denote by Ts(m — 1) the locus of elliptic m-bridges of level S in Hl,n (m—1), that
is, the locus of curves formed by nodally attaching an (m — 1)-stable elliptic spine marked by U;~S;,
with k stable rational curves Cy, . . ., Ck, the subcurve C; being marked by S;.

In particular, we have an isomorphism:
Ts(m — 1) = My [kuseu...u8,, (m = 1) X l_[ Mo, xyus; = Mim(m —1) x HMO,\S,»HL

i=1 i=1

Definition 2.13. Let Ellg (m) be the locus of elliptic m-fold points of level S in ml,n(m).

Since this is the worst allowed singularity in this moduli stack, the universal family of curves over
Ellg (m) is equisingular, in particular all of these curves admit a common normalisation, which is a
(disconnected) pointed rational curve. We thus have a morphism:

k
Ells(m) — Mos = 1—[ Mo, (x; yus; -

i=1

What is missing in order to reconstruct the elliptic m-fold point is the datum of its local ring as a
subalgebra of the semilocal ring of the normalisation. The parameter space for these data is called the
crimping space in [39], and the moduli space of attaching data in [35, §2.2]. Smyth [34, Lemma 2.2]
showed that, for an elliptic m-fold singularity, the embedding of (’A)c,q in &2, Ocv x, is determined by
the choice of a hyperplane in &, m,, / mii not containing any of the lines m,, /mii; this hyperplane
is identified with the pullback of the cotangent space to the elliptic singularity under the normalisation
map. Dually, the hyperplane corresponds to a line in &, (1, / mii)v not contained in any of the
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hyperplanes Ann(my,/ mii). The elliptic singularity can be obtained from its seminormalisation C*"
(an ordinary, rational m-fold point) by pinching along this line. Smyth [35, §2.2] explains how to
modularly compactify this algebraic torus bundle into a projective bundle by sprouting the universal
curve along the boundary.

Proposition 2.14 [35, Prop. 2.16]. There is an isomorphism Ellg(m) =~ PR, (@f:lLX'_), where Ly,
denotes the (pullback of the) cotangent line bundle at the marking x; on the i-th factor of the product.

The rational morphism ml,n(m —1) --» Ml,n(m) flips the locus Ts(m — 1) to the locus Ellg (m).

Definition 2.15. Let ml,n(m - %) denote the ordinary blow-up of ml,n(m -1)inT,(m-1) =
Uge (! ])Ts(m — 1), and let Exc(m — %) denote the exceptional divisor.

n
m

Over Ml,n(m - %), Smyth [36, Proposition 2.3] constructs a diagram of curves:

C(m—3)
-
/ \u
C(im—-1) C(m)’
where o is the blow-up of the sections ps,,,,- .., ps,, over Exe(m — %), and 7 is the contraction of the

strict transform of the core, that is, the minimal subcurve of arithmetic genus one, over Exc(m — %). The
resulting curve C(m)’ is m-stable, as (m — 1)-stability implies that at least one part S; has cardinality at
least two, hence it induces a morphism:

_ 1 _
Pm: Ml,n(m - 5) - Ml,n(m)~

We state our first result. We denote by Ell,,,(m) the locus of curves in Ml,n (m) with the worst
possible singularity, that is an elliptic m-fold point; Ell,, (m) is the union of all the irreducible substacks
Ells(m) c My ,(m) with |S| = m.

Theorem 2.16. If m < 5, the morphism p,, is a weighted blow-up of /71,,, (m), centred at Ell,;,(m),
with weights (ao, . . ., am), where My ,,(m — 1) = P(ao, ..., an).

We postpone the proof of this theorem to §2.7. Next, we describe the first three special cases. The
result below recovers Inchiostro’s description of M » [18].

Corollary 2.17. The moduli stack of stable 2-pointed curves of genus one J\_/ll,z is the weighted blow-up
of Mi2(1) = P(2,3,4) with weights (4,6) in the point Ell[5)(1) =: Cuy representing the 2-pointed
cusp.

Corollary 2.18. There is a diagram:

Mz -2 Mis(1) -5 M 3(2) =~ P(1,2,2,3),

where p; is a blow-up with weights (2,3,4) in the three points Ell; j,(2) =: Tacy parametrising

tacnodal curves, and p is the blow-up with weights (4,6) in the curve Ellj31(1) =: Cuz =~ Moy
parametrising cuspidal curves.
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Corollary 2.19. There is a diagram:

Mia(3)

Mg -2 Mis(l) ————mmeeeeemm 3 > Mia(2) —2 Mia(3) = P(1,1,1,2,2),

where

o p3 is a blow-up with weights (1,2,2,3) in the six points ENly, ;|\« (3) =: Triy ; parametrising curves
with planar triple points;

o py is the blow-up with weights (2,3, 4) in the four curves Ell|; ; 1 (2) =: Tacy, = MOA parametrising
tacnodal curves with a component marked only by py,, and in the three curves Ell, ;1; 1 (2) =: Tacy, ; =~
P! parametrising tacnodal curves with a component marked only by py and p;;

°p3 is the ordinary blow-up in the three surfaces Ty, ;| k(1) = M 2(1) of elliptic bridges;

o pi is the blow-up with weights (4, 6) in the surface Ellj41(1) =: Cuy = Mo,s of cuspidal curves.

2.6. Universal line bundles and tautological classes

From a flat family of projective, Gorenstein curves with smooth, distinct markings, we can define the
following bundles over the base:

Li(m: C - S,p1,....pn) =pjwg, H(r:C— S,pi,...,pn) i= Tuwy.

The first one is the cotangent line bundle at the i-th marking, and the second one is called the Hodge
bundle. Their first Chern classes will be denoted by ¥, ., respectively by 4,. A morphism between
moduli spaces is often induced by a morphism between their universal curves, in which case we will
be able to compare the bundles above; to avoid confusion we will decorate them as appropriate: for
instance, we shall use H (m) and A, for the universal m-stable curve over M ,, (m) (unless the number
of markings plays a role).

Let us now specialise to the case of arithmetic genus one. In this case, the Hodge bundle has rank
one, and the evaluation map ‘H = m.w, — pjw, = L; is generically an isomorphism. Indeed, we can
be more precise: by pushing down the short exact sequence

0= wr(=pi) = Wz = Wg)p;, 20,

and noticing that R! 7,w . (=p;) — R! m.w, satisfies cohomology and base-change, we conclude that
the evaluation map fails to be surjective precisely when h1°(O(p;)) = h' (w(-p;)) > h'(w) = 1, that is,
when p; does not lie on the minimal subcurve of genus one (it is special, in the terminology of Lekili
and Polishchuk).

Proposition 2.20 [24, Lemma 1.1.1]. Let (x: C — S, p1,..., pn) be a pointed Gorenstein curve of
genus one. Let Ao ; denote the locus in S where the i-th marking p; lies on a rational tail, and let us
assume that Ao ; is a Cartier divisor in S, whose class we denote by &y ;. Then:

Yix = Ai,x +00,i. (2.3)

In particular, over ﬂl,mﬂ (m), every L; is identified with H(m).?

Let us now assume that we have two families 7; : C; — S of pointed Gorenstein curves of genus one
over a base S, related by a birational contraction p: C; — C; — an isomorphism generically on C,, and

2This generalises the fact that elliptic curves are parallelisable.
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with connected fibres. Assume that the exceptional locus E of p is a vertical Cartier divisor, that is, a
subcurve of C; over a Cartier divisor A in the base (whose class we denote by ¢) such that C; is regular
around X := E N Cyja \ E. We shall compare the Hodge line bundles associated to C; and C»; in order
to do this, it is enough to assume that S is the spectrum of a discrete valuation ring. Denote by w; the
relative dualising sheaf of n;, and let H; = m;.w; be the Hodge line bundle associated to C;, whose
class we denote by A;. We recall Smyth’s definition of a balanced subcurve of genus one, borrowing
the notation E and X from above: the condition is that the chains of rational curves within E separating
the nodes of X from the core of E all have the same length (for a more general, not necessarily regular,
one-parameter family, being balanced can be phrased in terms of the tropical distance from the core to
the components adjacent E).

Proposition 2.21. The following hold true:

1. If & is a rational tail, then p*w, = w1 (=&). If € is a rational bridge, then p*wy = w. In both cases,
the A-classes agree: 11 = A».
2. If € is a genus one subcurve, then it is balanced, and p*w; = w(E). So, 1, = A1 + 6.

Proof. The first fact goes back to Knudsen’s thesis [21, Lemma 1.6]. The second one is basically the
first claim of [35, Prop. 3.6 and Cor. 3.7]: consider the short exact sequence

0— w; — p'wr — p'wye = Og — 0;

pushing it down along 7 = m o p, and applying the projection formula (since p is a birational
contraction, we have p.O¢, = Oc,), we obtain:

0> H; > Hy > Os(A) - 0,
where right-exactness follows because the R! m1,«wc,, for i = 1,2, are isomorphic (by Serre duality,
both of them can be identified with Og). ]

We will also use the following fact [35, Proposition 3.4], comparing the A-class of a one-parameter
family of £-elliptic singularities with the y-classes of its pointed normalisation:

Proposition 2.22. Let B — Ml,n (m) be a one-parameter family corresponding to a curve C — B
with a section q: B — C of elliptic {-fold points (same € for all b € B). Let (5, qi,-..,q9¢) — B be
the pointed normalisation, where qy, ..., q¢ are the preimages of q. Then A(,,,)(C).B = —w(a qi).B
foranyi € [£].

2.7. Proof of Theorem 2.16

The locus of elliptic m-bridges T,,(m — 1) decomposes into the disjoint union of Tg(m — 1), each of
which is a closed regular substack of codimension k& = k(S), with split normal bundle:

k
vV \Y
Ny /7 (m=1) = @ Li;®Lo,,- 24
i=1

Now, recall from Proposition 2.20 that on the first factor, which is isomorphic to ml’m(m — 1), we may
identify every cotangent line bundle LL; ; with the Hodge line bundle H(m — 1), so

. 2.5

k
Ny /%, (moty = Hm =1)" & (@ Lo,
i=1

Recall that Ell,,,(m) C /Vl,n(m) parametrises curves with an elliptic m-fold point: this locus
decomposes into the disjoint union of the components Ellg(m) with #S = m. We may similarly
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decompose the exceptional divisor of the blow-up p,, : /71,,, (m - %) — /\_/ll,n (m) into a disjoint union
indexed by partitions, and we obtain the following identification:

(2.6)

Ech(m - —) M (m=1) XPMOS(@LO*,

with normal bundle
Nexe(m-1) /10 (m-y) = Hlm =1 @ O(=1).

The morphism p,,, restricted to Excg(m — %), coincides with the projection onto the second factor
of (2.6). Thanks to Proposition 2.10, we can conclude by applying the criterion for smooth weighted
blow-downs [1, Theorem 1.1]. Finally, observe that given any weighted blow-up Bly X — X, the
exceptional divisor is (locally on the centre Y of the weighted blow-up) isomorphic to a product of
the base with a weighted projective stack P(ay, . .., a,). The weights of the blow-up are precisely the
values ao, ..., a,. They can be recovered from the orders of the automorphism groups of the torus-
fixed points. Therefore, we can deduce the weights of p,, by looking at the weights appearing in the
description of Ml, m(m — 1) as a weighted projective stack. This concludes the proof of Theorem 2.16.

2.8. Fundamental classes and normal bundles

From Section 2.2 and Section 2.5 we know that we need to compute the fundamental class and the normal

bundle of the elliptic m-fold loci Ellg (m) in M, (m). It is easy to perform such a calculation in M, m-

We would like to pull it back along the map forgetting n — m markings. In general this is only a rational

map, but for n < 4 it is actually regular. We defer a general discussion of forgetful maps to Appendix A.
We start from Lekili and Polishchuk’s description of the space of almost m-stable curves.

Lemma 2.23. For m < 3, the Chow ring ofﬂl,m is isomorphic to Z[t], where t is the first Chern class
of H(m). Moreover, the point Z representing the elliptic m-fold point has class:

LNz 5, = HOm)® @ H(m)®® and | Z] = 241 when m = 1;
2. NZ/MI = H(m)® & H(m)® & H(m)®* and [Z] = 241> when m = 2;
3. Nzm, = H(m)®' & H(m)®2 & H(m)®2 & H(m)®* and [Z] = 121* when m = 3.

Proof. From the descriptions of Proposition 2.9, we deduce that M 1.m is a vector bundle over BGy,.
Therefore, by homotopy invariance of Chow groups we get

A (M s1) = A*(BGp) =~ Z[1].

We also have [Z] = [{0}]g,,, that is, the fundamental class of the zero section of a vector bundle
over BGy,. The latter is equal to the top Chern class of the vector bundle itself. Using the fact that
c?‘“ (Vy) = dt, we obtain the claimed results.

Finally, to prove that c| (H(m)) = 1, observe that a generator of the fibre of the Hodge line bundle
over a point of M ,,4+1 is given by the global differential form d(X/Y’), on which Gy, acts with weight 1.
Here X and Y are inhomogeneous coordinates on the affine universal curve over M 1,m+1, which is planar
in the given range of m (cf. [24, Equations (1.1.3-4)]). |

Consider the forgetful map Ml,n (m) --» ml,n_l(m). Suppose that the n-th marking lies on the
core, and that the latter has level m + 1. Then forgetting p, makes the curve m-unstable. The solution
is to contract the core after sprouting the markings lying directly on it; this will increase the level,
since there must be at least one rational tail containing at least two special points. The problem is that
the contraction is not well-defined as soon as there are at least two rational tails, because the resulting
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singularity has a nontrivial crimping space. In order to resolve the indeterminacy, it is enough to blow
up the loci Tg(m), where S is a partition of [n] into m + 1 parts, of which at least two have |S;| > 2,
and one is the singleton {n}; see [36, §2.1]. Fortunately for us, in this paper we only need the cases
1 <m < n < 4. Even for n = 4, there is not enough room for two rational tails and one marking on the
core. So, the forgetful morphism M ,(m) --> M ,— 1(m) is well-defined in this range.

Flnally, there always is a morphism M, mr1(m) — ./\/l1 . Indeed, M, .m+1(m) sits as an open
inside /\/l1 m+1, and the latter can be identified with the quotient of L{S’” by G, see Section 2.4.
Now, [24, Proposition 1.1.5] ensures that there always is a G —equlvarlant morphism Z/{ls’"err1 — Uy,
identifying the former with the affine universal curve over the latter.

Concretely, we may think of the morphism /Vl,n(m) — M, as follows. Consider the universal
curve C’ over /\_/ll,n (m), marked with the first m markings only. Rational tails and bridges made unstable
by forgetting the last markings may be harmlessly contracted. Now, the core of C’ is m-unstable if and
only if at least two of the first m markings belong to a rational tail. If this is the case, we blow up the core
atits markings, and then contract it (by Smyth’s contraction lemma [34, Lemma 2.13] or [32, Proposition
3.7.6.1]). By stability, this will increase the core level, so we can reiterate until it becomes > m. For
n > 4, we need to perform this operation only if n = 4 and m = 2. Indeed, the following two conditions
must be met:

1. there must be a partition S having at least m + 1 parts, and
2. by restricting S to the subset [m] = {1, ..., m} we do not get the discrete partition.

For n < 4, this happens if and only if n =4 and m = 2.

Example 2.24. For instance, consider a nodal curve with an elliptic component marked with p3 and
P4, and a rational tail marked with p; and p»; by forgetting p3 and p4, the elliptic core is not 2-stable
anymore. We contract it, thus producing a cusp at the attaching point of the rational tail.

This is important, because contracting a genus one subcurve alters the Hodge bundle according to
Proposition 2.21.

Moreover observe that, whenever a core contraction takes place, the resulting singularity is an elliptic
¢-fold point with £ < m. So, the preimage of the m-fold point in M, .m remains away from the correction
loci. We conclude that the normal bundle to the m-fold loci in ﬂl,n (m) has the same expression as the
normal bundle to the m-fold point in M Lim-

We summarise the previous discussion in the following:

Jom: Mip(m) — M, m_The preimage of the elliptic m-fold point Z in M, is the locus of m-fold

points in Ml,n (m) such that each p;, i = 1,...,m, cleaves to a different branch of the singularity;
moreover, fu m is flat around these loci, and in particular their normal bundles are as in Lemma 2.23.

Proposition 2.25. Let 1 < m < n < 4. Forgetting the last n — m markings defines a morphism

Corollary 2.26. With the notations established in the corollaries of Theorem 2.16, we have:

Y 3 4
m

1 [Cu] = 24/1 0 [Cu] = 24/151)
2 [Tac; ] + [Tac; ] = 24/1?2) [Tac;] + [Tacy] + [Taci3] + [Tacis] = 24(2(p) + T12)3
3 - [Tripg] + [Triog] + [Trize] = 121(‘3)

where 11, is the fundamental class of the locus of curves having a rational tail marked with p; and p,.

The class 715 in the corollary above appears precisely because for n = 4 and m = 2, in order to define
the morphism to M >, we need to contract the elliptic core of the universal curve over Ty; 2;(2). This
affects the pullback of the Hodge bundle, as explained in Proposition 2.21.
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3. The Chow ring of /\_/11,3

In this section we compute the integral Chow ring of /V1,3 (m), form =2, 1,0, by arepeated application
of the weighted blow-up formula (2.1).

3.1. The Chow ring of M 3(2) and M, 5(1)
We start from the following:

Lemma 3.1. Let A(3) be the first Chern class of the Hodge line bundle H(2) on M, 3(2). Then we have:
A*(M15(2) = Z[A2)]/ (1247,)).

Proof. By Proposition 2.10 we know that ml,s (2) = P(1,2,2,3); under this isomorphism, the line
bundle Op(1) is identified with the Hodge line bundle. The conclusion follows from the weighted
projective bundle formula [2, Theorem 3.12]. O

We now want to apply the weighted blow-up formula (2.1), leveraging the fact that p; : /\_/11,3 (1) —

/\_/11,3(2) is a weighted blow-up centred at the three points Tac; for i = 1,2,3 (Corollary 2.18). As
explained in §2.2, for this we need to compute the following:

1. the fundamental class of the centre, that is, the three points Tac;;
2. the Gy-equivariant top Chern class of the normal bundle of Tac;;
3. surjectivity and the kernel of the pullback homomorphism A*(M; 3(2)) — A*(Tac;).

By Corollary 2.26 we know that [Tac;] + [Tac;] = 24/1%2), hence by symmetry each Tac; has class
1223,

Point (3) is straightforward since Tac; is a point for every i (Corollary 2.18). By the same token, the
normal bundle is trivial with Gp,-action of weights (2, 3,4):

5™ (Nrag;) = 241 3.

Let us proceed by blowing up one tacnodal point at a time: We start by computing the Chow
ring of the weighted blow-up M 3(2)’ of M 3(2) at the point Tac;. The pullback homomorphism
A*(M;3(2)) — A*(Tac) is surjective, and its kernel is generated by A(2). We may hence apply the
simplified weighted blow-up formula (2.1):

AT(M13(2)) = A" (M1 3(2)[61]1/(A2)81, 124, = 2457).

where we denoted by d; the fundamental class of the exceptional divisor, representing curves with a
node separating p; on the core from p; and p3 on a rational tail.

Remark 3.2. Notice the sign in the last relation, which is obtained by evaluating the equivariant top
Chern class of the normal bundle of the blow-up centre by setting the equivariant parameter ¢ of (3.1)
equal to the negative of the fundamental class of the exceptional divisor.

When we blow up Tac; (respectively Tacs) we get a similar result, with the only difference that now
the kernel of the pullback homomorphism is generated by A(») and 6 (respectively A(2), 61 and 65). In
the end we obtain the following:

Lemma 3.3. The Chow ring of M1,3(1) can be written as follows:

A* (M 3(1) = Z[A(2), 61, 52,53]/(12/1?2), {6:6 }iej, {A(2)61, —245; + 12/1f2)}i:1,2,3)~

https://doi.org/10.1017/fms.2025.10143 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.10143

Forum of Mathematics, Sigma 15

Remark 3.4. The first relation is now redundant, as for any i/ we can write

1220, = A2) (=247 + 1243,)) + 2467 (5id2)).-

On mm(l) there are two families of curves, the universal 1-stable curve, and the 2-stable curve

pulled back from th (2). Their Hodge line bundles are related by Proposition 2.21. Accordingly, we
make a change of variable:

A1) =4A@) — 01— 62— 63,

where A(y) is the first Chern class of the Hodge line bundle #(1) of the 1-stable curve. Moreover, recall
that ml,s (1) is the same as Schubert’s stack of pseudo-stable curves.

Proposition 3.5. The Chow ring of the moduli stack of pseudo-stable 3-pointed curves of genus one is:
% x4 PS s
AT (M 3) = Z[/l(l)’5l,52,53]/1f)’;

where the ideal of relations I ﬁ ; is generated by:

67+ 1(1)6; =0 fori=1,2,3,
(Si(Sj:O foriij,
24(5; =67 =0 Jori#j,

3 3 3 3\ —
1223, + 87 +63 - 83) = 0.

3.2. The Chow ring of M, 3

Recall from Corollary 2.18 that p: ﬂl,g — /Vm(l) is a weighted blow-up of weights (4, 6) centred
in the locus of cuspidal curves Cu. The exceptional divisor can be identified with the locus of unmarked
elliptic tails A g.

In order to apply the simplified weighted blow-up formula, we need the following ingredients:

—_—

the surjectivity and kernel of the pullback homomorphism A*(M 3(1)) — A*(Cu);
2. the fundamental class of Cu;
3. the Gy -equivariant top Chern class of the normal bundle of Cu.

3.2.1. Pinching and pulling
We aim to study the Gysin pullback:

U AY(M5(1)) — A*(Cu).

Pinching (collapsing the tangent line) at the marking x identifies Cu with ﬂo,m, which in turn is
isomorphic to P'. Hence,

A*(Cu) = A" (Mo ss) = A*(PY) = Z[h]/(H?),

where any boundary point and any -class on ﬂo,m is identified with the generator & (see [22, §1.5]).

The boundary divisor ¢; intersects Cu transversely in one point, representing a cusp marked by p;
with a rational tail marked by p; and py: its class can therefore be identified with the generator of the
Chow ring h; in particular, the pullback ¢* is surjective. On the other hand, Proposition 2.22 gives us
t"A(1) = =Y = —h. Putting everything together, we obtain the following, which is ingredient (1) for
applying the weighted blow-up formula.
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Lemma 3.6. The pullback homomorphism * A*(Mu(l)) — A*(Cu) is surjective and
ker(¢*) = (/1(1) +01, A1) +02,(1) + 03).
3.2.2. End of the computation

The normal bundle of Cu can be pulled back along f: Mm(l) - /Wl,l, as explained in
Proposition 2.25, and by Lemma 2.23 it is equal to

FAHM®* @ H(1)®)|cw = H(1)® @ H(1)®|cy.

This provides ingredient (3). Finally, ingredient (2) is provided to us by Corollary 2.26. After a straight-
forward computation, we obtain

A*(Mi3) = Z[A1,61.62. 63,601 /1] 4

where /] 3 is generated by the relations

5;6; fori,j e {1,2,3},
87+ A(1)6; fori € {1,2,3},
1243, (A1) + 6 + 67 = 5x) fori, j, k € {1,2,3},
5@(/1(1) +6;) fori € {1,2,3},

24(A(1) = 60)>.

Proposition 2.21 gives us the change of variables A = A1) — dp, under which we get:

Theorem 3.7. The integral Chow ring of the moduli stack of 3-marked stable curves of genus 1 is
A"(M,3) =Z[A,61,62,63,60]/11 3

where 1) 3 is generated by ten relations in degree 2:

2422=0 ()]
65 = —A8p — 6360 )
6% = —A6; — 6360, i=1,2,3 (2+i)
6:6; =0, {i,j, k} ={1,2,3} (5+k)
8901 = 090, Jj=23 (7+))

and by one extra (torsion) relation in degree 3, namely
12(1+69)*(A+ 89 +6; +6; —6x) =0 (11)

Remark 3.8. Tensoring with Q, we recover [5, Theorem 3.3.2].

4. The Chow ring of /\_/11,4

We compute the integral Chow ring of MM by the same strategy. The main novelty is that the birational
map M 4(1) --» M 4(2) is not regular, hence we have to climb down a blow-up.

4.1. The Chow ring ofﬂ1,4(3) and ﬂ1,4(2)

Our starting point is the Chow ring of ./\_/11,4(3), which can be easily computed using the fact that
Mi4(3) ~P(1,1,1,2,2) (Proposition 2.10 and the formula for the Chow ring of a weighted projective
stack [2, Theorem 3.12]).
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Lemma 4.1. We have
AT (Mi14(3)) = Z[A(3)]/(423;)
where A(3) is the first Chern class of the Hodge line bundle H(3).
To compute the Chow ring of M, 4(2), we leverage Corollary 2.19: there is a morphism
p2: Mi4(2) — M;4(3)
which is a weighted blow-up of weights 2, 3 and 4 centred at the locus of elliptic curves with a triple
point. To apply the weighted blow-up formula we need, as usual, the following ingredients:

1. the surjectivity and kernel of the pullback homomorphism A* (/\_/11,4(3)) — A*(Tri;;);
2. the fundamental class of Tri;;;
3. the Gy-equivariant top Chern class of the normal bundle of Tri;;.

The second ingredient is given to us by Corollary 2.26: the flat forgetful morphism M1,4(3) - M 1,3

pulls [Z] = 12¢* back to [Trij4] + [Trigs] + [Trizs] = 12/1‘(‘3), so by the action of the symmetric group

[Tri;] = 4/1‘(‘3) forall {i, j} C [4].

Being points, the normal bundle is trivial (with Gp-action of weights (2, 3,4)), and restriction is
surjective on Chow groups. From the blow-up formula (2.1) we get:

A*(M1.4(2) = Z[ A3y, {71 iy cran] /1,4 (2) 4.1)

where 7;; is the class of the exceptional divisor T;;, which can be identified with the locus of curves
with a node separating the markings 4, k on the core from the markings i, j on a rational tail®, and
I1.4(2)’ is generated by

/1(3)7-[]' = 0’ {l’ J} - [4]5 (1_6)
TijThk = 0, {i,j} # {h, k}, (7-21)
127, + 41‘(‘3) =0. (22-27)

The relation 4/1?3) is redundant and we thus omit it.
Proposition 2.21 yields the change of variables A(3) = A(2) + Xi<i<j<4 Tij- After performing this
substitution, we obtain the following.

Proposition 4.2. The Chow ring of the moduli stack of 4-marked 2-stable curves of genus one is:

A" (M1.4(2) = Z| Aoy {71 i jyera ]/ 11.4(2)

where the ideal of relations I, 4(2) is generated by:

A Tij + T {i./} < [4], (1-6)
TijThk7 {Z7J} * {h’k}’ (7_21)
127 +4(a}, - Z ) (22-27)

The rational Chow ring of the moduli space M1,4(2) has Hilbert series 1 + 7t + 76> + 76> + 1*.

3We reserve our usual notation Ay for the analogous locus in HIA and ﬂm(]); as we shall see in Proposition 4.9, the
classes 7;j and &, do not quite agree.
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4.2. The Chow ring of M 4(1)

We distinguish the tacnodal loci in /71,4(2) into two types: those separating one marking i from the
other three (there are four of them, call them Tac;), and those separating two 1 markings i, j from the
other two (there are three, call them Tac;;). The birational map M 4(1) --» M, 4(2) can be resolved
by a suitable blow-up (Corollary 2.19):

Mia(3)

Mia(1l) —=—====———mm- 5 > Mia(2)

Here p; is a blow-up of weights (2, 3, 4) in the tacnodal locus. We denote the classes of the exceptional
divisors by 8 in Proposition 4.7 below. The morphism p 3 is an ordinary blow-up of the elliptic bridges
Tyijy, (nk}> Whose exceptional divisors can be identified with those over Tac;;; the loci Ty;;y (k) are
thus flipped. In particular, §;; pushes forward to 0 along P3s while §; does not.

We will first compute the Chow ring of M, 4 %) via the weighted blow-up formula, and then identify
the Chow ring of MM( 1) as a subring of the former.

4.2.1. The Chow ring of M, 4(3)
We need the following ingredients:

1. the surjectivity and kernel of the pullback homomorphism to A*(Tac;;) and A*(Tac;);
2. the fundamental classes of Tac;; and Tac;;
3. the Gp-equivariant top Chern class of the normal bundle of Tac;; and Tac;.

For the first point, we need to compute the pullback of the generators of A*(m1,4(2)) in A*(Tac;)
(respectively A*(Tac;;)). Let ¢; : P! ~ Mo, {x,1,j,k} — Mi,4(2) be the pinching morphism, defined as
follows: first, consider the auxiliary stack X whose objects are triples (C — S, D — S, ), where

(i) C — S is a stable curve of genus zero with markings indexed by %, A, j and k,
(ii) D — S is a smooth genus zero curve with two markings indexed by x’ and i, and
(iii) @: (m,/m2)¥ = (my/m2,)" is an isomorphism.

There is a natural morphism X — ﬂ1,4(2) whose image is Tac;: this morphism is given by attaching
C — Sand D — § at the markings indexed by x and %’ by gluing the two tangent spaces via @. On the
other hand, the projection X — /\_/10, {x,h,j,k} is an isomorphism: indeed, the fibres consist of the choice
of a smooth 2-marked genus zero curve D — S and an isomorphism «a. There is a unique isomorphism
class of such Ds, with automorphism group isomorphic to Gy,. The latter acts with weight one on the
tangent space at %', and hence it acts freely and transitively on the set of isomorphisms . By composing
the inverse of the projection with the gluing map, we obtain the morphism ¢; : ./\_/l()’ (%,h,j .k} — M, 4(2)
with image Tac;.

Similarly, let ¢;; : P! — /\_/11,4(2) with image Tac;; be the crimping morphism: the pointed normal-
isations of these tacnodal curves have no moduli, since they consist of two 3-pointed rational curves
C — Sand D — S, marked with {i, j, %} and {h, k, %'} respectively. Let P! = P(T,C & T, D) be the
compactified moduli space of attaching data: the points away from 0 and co correspond to the choice
of an isomorphism (11, /m2)Y =~ (m*//mi,)v; over 0 and oo, a rational tail is sprouted, supporting
the markings {i, j} and {h, k} respectively, so the automorphism group of the curve acts transitively on
the attaching data, as in the previous paragraph. More precisely, we blow up C x P! at (x,0) and D x P!
at (%', 00), and then glue the proper transforms of * and %’ according to their common projection in P'.

Therefore, since both Tac; and Tac;; are isomorphic to P!, their Chow ring can be identified with
Z[n]/(h?).
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Lemma 4.3. Fix 1 <i < j < 4, and let T;; denote the locus of curves with a rational tail marked by
i, j inside My 4(2). Then:

L frac, 9342) = =1 for both e = i and & = ij;

2. for 1 < h < k < 4, Tac;; intersects the divisor Tpy if and only if {h,k} = {i, j} or [4] \ {i, j}, in
which cases they intersect transversely at one point;

3. Tac; intersects the divisor Ty if and only if {h,k} < [4] \ {i}, in which cases they intersect
transversely at one point.

In particular, the kernel of the Gysin pullback to Tac; and Tac;; is determined as follows:

ker(A* (M) .4(2)) — A*(Tac;)) = ({7ij}jzi> {22) + Tuk b ki A))-
ker(A*(M.4(2)) — A*(Tac;)) = ({Tintnejs {Tjk beeis A2) + This A2) + Tif’/l%Z))'

Proof. Point (1) is Proposition 2.22, the others follow from the deformation theory of nodes. O

Now, we want to determine the classes of Tac; and Tac;; in A3 (/71,4(2)) in terms of A3y and 7’s.
From Corollary 2.26 we know that:

[Tac;] + [Tac] + [Taci3] + [Tacis] = ;5[ 2] = 24(A(p) + 112)° = 2447, + 2477, (4.4)

We exploit the S4-action (by permuting the markings) to simplify the intersection-theoretic calculations.
As an S = S(1,2,3,4)-module, A*(M; 4(2)) can be identified with triv(£) & A>C?* | the former with

basis /1?2) =: ¢, and the latter with basis Tfj =: e;;. Note that [Tac;] is invariant ung(ei; S3=8(2,3,4),
hence its class can be written as:
[Taci] = uil +ai(ern +e13+e1q) +bi(exs + e +e3q).
Similarly
[Tacz] = ual + asx(ern +ex3 + exq) + ba(erz +e1q +e14).
Note that [Tac,3] is invariant under S X S» = S(1, 3) x S(2,4), hence its class can be written as:
[Taci3] =vil+cieis +diex + fi(ern + e1a +e23 +e3q).
Similarly
[Taci4] = val + crers +doexs + fo(ern + e13 + €24 + €34).
By the S4-action we see that
Uy =upy=u,vi=vy=v,ay=ay=:a,by=by=:b,cr=di=cr=dr=:c¢,fi=f=f.
Grouping the coefficients of e;;, Equation (4.4) reduces to the following linear system:

a

2002\(/) (24

LLLL) =0

0202 0
f

Furthermore, by intersecting Tac; with 7;; we obtain u = a: indeed, we know from Lemma 4.3 that 7;;
is in the kernel of the pullback to Tac;, hence [Tac;] - 7;; = 0; on the other hand, by Proposition 4.2 we
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have 7; 7, = O unless {7, j} = {h, k}, and 7;;4(2) = - 2 . Putting everything together, we deduce that
[Tac;] - 7 = (a - u)‘r hence a — u = 0 because A4(/\/11 4(2)®Q=Q- T

With a similar argument by intersecting Tac;; with 7;; we obtain v = f . We need one more
equation, which we are going to obtain by computing the pullback of A3y from /71,4(3) to Tac;: this
will determine u quite directly. Recall the morphism p3 : m1’4(2) — ﬂ1,4(3).

Lemma 4.4. The composition p3 o ¢; : Tac; ~ MOA — M, 4(3) maps the three special points to the
3-elliptic loci Trijy, i € {j, k} C [4]. The following hold:

/ pip;=1, 4.5)
Tac;
/ @ido) = -1, (4.6)
TEICL'
/ i p3Ad3) = 2. 4.7
Tac;

Therefore, u = 8 and v = 4.

Proof. Equation (4.5) is a genus zero calculation, since crimping happens away from the marking.

Equation (4.6) follows from Proposition 2.22 and a genus zero computation.*

From Proposition 2.21 it follows that fr pip3di) = /I‘ac ®iA(2) + 3, since the universal 3-stable
family is obtained by sprouting the lonely marklngs and contractlng the tacnode over the three special
points. In view of this, Equation (4.7) follows from Equation (4.6).

We obtain 2u +2v = 24 by looking at the coeflicients of ’1?2) in Equation (4.4), hence v is determined
by u. Now observe that, because of the relations A(3)7;; = 0 (see (4.1)) and A3y = A() + 2 7ij (see
Proposition 2.21), the projection formula gives

p3.+(P3A(3) - [Tac]) = ud(y).
On the other hand, we deduce from Equation (4.7) that

03.+(0343) - [Taci]) = p3,.030i 0 A(3) = p3,+@i«(2[pt]) = 2[Triji] = 8/1‘(‘3)- O

We may now solve the linear system above and findu =a=-c=8, v=—-b=f =4.

Proposition 4.5. The classes of the tacnodal loci are
[Tac;] = 8’1(2) 4(Th1 * T + k) +8(7, + 757 + Ty,

[Tac;;] = 443, - 8(1; +70,) +4(z;, + 75 + -rfh +73).

__The equivariant normal bundle is given by Lemma 2.23. We can now compute the Chow ring of
M1,4(%) by applying the weighted blow-up formula (2.1).

Proposition 4.6. The Chow ring of the moduli stack of aligned 4-marked 1-stable curves of genus 1
is generated by the symbols A(2),Tij, Bi, Bij = Pnk (Where [4] = {i, j, h, k}), subject to the following

relations:
(1-16) A Tij + 77 {i,j} c [4],
(7-21) T This {h, k} # {i, j},
(22 -27) 1278 +4(a},, - Z ™),

r,l

4Alternatively, from Proposition 2.20 we obtain ./I‘ac- @i = /Tac_ @7 ¥ — 2, since the universal 2-stable curve over Tac; is
1 1

obtained by gluing a trivial family (P!, i, %) with a moving (P, , j, k, %), so the marking j ends up on a rational tail twice. We
conclude by Equation (4.5).
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(28 - 39) Biti; J €[4\ {i},
(40 -51) Bi(A2) +Tji), Jok e [4)\ {i},
(52 -57) BiBj, J €[4\ {i},
(58 -61) 24B;(3A ) Bi - B7) + [Taci],

(62 - 67) BijTin, hel4\{ij}.
(68 —73) Bij(A2) +7ij),

(74 — 85) BijBn, h e [4],

(86 -91) BijBhi {h,k} # {i,j},
(92 - 94) 24B:; (342 Bij — 5,-2]-) + [Tac;;].

The Hilbert series of the rational Chow ring of the moduli space M1,4(%) is equal to 1 + 14t + 211% +
1413 + 14,

According to Proposition 2.21, we make the substitution (1) = A(2) — 2; Bi — Xi.; Bij-

Proposition 4.7. The Chow ring ofﬂm(%) is generated by A(1y, Tij, Bi, Bij = Bnk with:

(1-6) 7 (A1y + B + Br + Bij + 7ij), {i,j} c [4],
(7-21) Ti i Thi {h,k} #{i,j},
(22-27) 120+ 4((Ay + Y B+ D B = DT,

i i,j r,l
(28 - 39) Bitij J €[4\ {i},
(40 - 51) Bi(A(1y + Bi + Tjx)s Jok e [41\{i},
(52 -57) BiBj, J €[4\ {i},
(58 - 61) 24B;(3(1)Bi +287) + [Taci],
(62 - 67) BijTin, he 41\ {i, ]},
(68 —73) Bij(Aq) + Bij +Tij),
(74 - 85) BiiBns h e [4],
(86 —91) BijBnks {hk} #4{i, i},
(92 - 94) 24B:; (34 (1) Bij + 2B7;) + [Tac;].

4.2.2. The Chow ring of M 4(1)
The pullback homomorphism

p% : A*(m1,4(1)) — A*(m1,4(%))

is injective [16, Proposition 6.7(b)], hence if we know a set of generators of A*(ﬂm(l)), we can

deduce a full presentation by looking at the subring of A*(/Vm(%)) generated by their pullback. We
recall the following useful lemma.

Lemma 4.8. Let «: Z — X be a regularly embedded subvariety of a smooth ambient space. If Gysin
pullback along v is surjective, then im(t,.) is generated as an ideal by the fundamental class [ Z].

Proof. If a = *a, the projection formula implies that v.a = @ - [Z]. O
We recall our running convention: for S C [4], the boundary divisor A(l)s C M, 4(1) is the

substack of curves with a separating node such that the markings p;, i € S, lie on the genus one side. Its
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fundamental class is denoted by 6. On the other hand, we have denoted by T;; (and 7;;) the locus (and
its class) of rational tails marked by i and j in m1,4(2).

Proposition 4.9. The Chow ring Ofml,zt(l) is generated by A1y, {3 }iej4) and {5;j} (i, jyc4)- We have:
P% (A1) = A p% (6:) = Bi, P% (i) = Thi + Bnk-

Proof. The second statement is a simple computation of the total transform of A(1); and A(1);;.
For proving the first statement, let B(%) = UB;; be the exceptional divisor of p 3 where B;; is the

exceptional divisor of p, that lies over Tac;;. We claim that A*(./VM(%) \ B(%)) is generated by A1),
{Bi}ie4) and {7;;} (i j1c(4)- This claim follows from the previous lemma and the surjectivity of the
pullback homomorphism for every i, j:

% v 3 *
Lij A (M1,4(§)) — A (Bl‘j).
Recall the isomorphism:

B, =~ M (1) x P! ~ P(2,3,4) x P!,

So, the Chow ring of B;; is generated (as a ring) by the two hyperplane classes hp and Api. We have
L;f].,Bij —hp and ¢} (p%/l(l)) = hp,sot; ;; 18 surjective.

Observe that p3 1nduces an isomorphism of M 4( ) \B( ) with M 4(1) \ EB(1), where EB(1) =

UEB;; is the codlmenswn two substack of elliptic bridges, and EB;; ~ P(2,3,4), whose Chow ring
is generated by the restriction of A(;). Moreover, the locus EB;; is the transversal intersection of the

divisors A(1);; and A(1)px, thus [EB;;] = ;;6,«. We conclude that A* (ﬂm( 1)) is generated by A(y),
{0i}ierars {9ij}i.jycla) as aring. a

Corollary 4.10. A*(M 4(1)) is generated by A1), {Bi}icia), {Bij + Tij}i,jycl4) as a subring of
* 3
A*(Mi4(3)).

We find a presentation of A*(MM(I)) by eliminating the remaining variables from A*(mm(%)).
The following has been produced by Sage [38]; we do not know if it is a minimal presentation.

Proposition 4.11. The Chow ring of the moduli stack of 4-marked pseudo-stable curves of genus one is:
s hAPS
AT (M) = Z[A ), {8ij iy e {0idiem 1174

where If’ i is generated by the following relations:

(1-6) 8i6;, i+ ],

(7-18)  &8:0in, i#]#h,
(19-30)  6;6n;, i#]#h,

(31 -42)  6:(6ij — Sin), i+ ]#h,
(43-48) 6;j(Ay+0ij+6;+0/), i+ ],

(49 -60) 6;(A(1) +0;j +6;), i+],

(61-72) 66, i#j

(73=75)  12(8); = 6 = 63, + Ghp) {i, ), h, k} = [4],
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(76 - 87)  12(26; +65;6ix + 6y — ik 63, = 6ind = 03 = 0ijOpi = 6pp)» i h k} = [4],

(88-93)  fij (see below), {i, ], h, k} =[4],
fii =40, + 5, + 53 +6, + 6, + 6], +6,

+3076ik — 267 — 6ik673, — 25% +3056jk — 6ind + 5j.k +3067 00k +3070nk — 0ij07, +67,)-

The Hilbert series of the rational Chow ring ofﬁf’z is equal to 1 + 111 + 1812 + 1123 + %,

4.3. The Chow ring of HM

We know from Corollary 2.19 that HM is a weighted blow-up of ﬂm( 1) centred at Cu, which is the
closed substack of cuspidal curves. As usual, we need the following three ingredients in order to apply
the weighted blow-up formula for Chow rings:

1. surjectivity and the kernel of the pullback homomorphism ¢*: A*(mm(l)) - A*(m0,5).
2. the fundamental class of Cu ¢ M 4(1),
3. the normal bundle of Cu, and

Recall that the locus of cuspidal curves Cu 4 is isomorphic to ﬂo,s by pinching the fifth section.
In turn, Mo 5 is isomorphic to the blow-up of P! x P! in three points (0,0), (1,1) and (o, c). The
calculation of its Chow rings follows from this explicit description. We take it directly from [20, Theorem
1]: let S be a subset of the markings set [5] of cardinality between 2 and 3, and let D be (the class of)
the divisor in Mo,:; of curves with a node separating the markings indexed by S from those indexed by
S¢. We say that two sets of indices S and T are incomparable if S € 7,8 ¢ T,T € S,T¢ ¢ S. Keel’s
result is the following:

Theorem 4.12 (Keel). The integral Chow ring of Mo,s is:

S S Se S S. nSpT
A*(Mys) = Z[D%]/| DS - D, § DS - § DS:DSD
i,j€S,h,keS¢ i,heS,j,keSc h,i,j,ke[5]
S.T incomparable

We observe that the following relations hold under pullback:

Come =D (G, j) € [4], (4.8)
F6; =D e (4], (4.9)

This already shows the surjectivity of ¢*. e

To compute the restriction of A1), we first relate it to a y/-class on M 4(1), and then express every
term in terms of Keel’s basis after pulling them back to MO,& First, Proposition 2.20 identifies the
difference between A1) and | with the class of the divisor where the first marking lies on a rational
tail:

Ay =gi= > (6 +0k). (4.10)
{i,j,k}={2,3,4}

Observe now that ¢*y; = | because the pinching occurs away from the first marking. Finally, we write
w1 € A'(Mys) in terms of boundary classes. The comparison of ¢ classes under forgetting the last
marking gives us:

(03 = ey 0% 4 plish, (4.11)
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{0.4}

For the same reason, ¢ = D14} 5o we conclude:

FAy = DU £ DRI 4 pUS) (DU} 4 pU3) L pl) 4 pS) 4 pB3) 4 pls))
= —(D{I’S} + D} 4 D{4’5}) = —1" (824 + 62 + 04).

Putting this together with Equation (4.8), we deduce the following.

Lemma 4.13. The kernel of the pullback homomorphism 1*: A*(M;4(1)) — A*(Mys) is gener-
ated by:

(1) (612 +634) — (13 + 024),
(2) (612 +034) — (614 + 23),
(3-10) (Onk +6p) = (6jk +6), J.h.k € [4],
(I1) A1y + 624 + B2 + Ba.

Finally, from Corollary 2.26 we know that:
[Cu] =2447,, € A*(M4(1)),
New . = (H(D)® & H(1)®)cu-

Denoting by d¢ the fundamental class of the divisor in ﬂ] 4 of curves with an unmarked elliptic tail,
applying (2.1) gives us the following.

Proposition 4.14. We have

AT (Mia) = Z[ A1y, {6 iy clas {6i}iera)» 60l /11 4

where 1 { 4 Is generated by the relations

(1-93) as in Proposition 4.11,

(94) 00((012 + 034) — (013 + 624)),

(95) 60((S12 +634) — (014 + 023)),

(96 — 103) 60((Snk +06n) — (0 +0;)), Jshk € [4],
(104) 50(/1(1) + 824 + 02 +04),

(105) 24(A(1) — 60)*.

To conclude, because of Proposition 2.21 we have 4 = A1y — 69, where A is the first Chern class
of the Hodge line bundle on M 4. Applying this change of variable, we finally get to the following
presentation for A*(M 4). As above, we do not know whether it is minimal.

Theorem 4.15. We have

A (M a) = Z[AASij} i jycp4)s {0 diera) 601 /T4

where I 4 is generated by the following relations:

(1-6) 6:6;, i# ],
(7-18) 0ijSin, J#h,
(19-30)  6;6n), h,j#i
(31-42)  6;(6ij — 6in), i#j#h,
(43-48)  0;j(A+p+0;ij+0;+6;), i#j,
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(49 -60)  6;(A+6¢+06i; +6), Joh#1,
(61-72) 667, i#]

(73-75)  12(8}; = 63 = 63, + Gy {i,j. h.k} =[4],
(76 —87)  12(26] +606;6i + 6 = 6ik07), = Oindyy = 63y = 6105, = 6i)s s J bk} = [4],
(88-93)  fij (see below), {i, 7, h, k} = [4].
(94) 00((012 +634) — (013 + 024)),

(95) 00((012 +634) — (14 + 023)),

(96 —103)  6o((Snk +6n) = (Sjx +6,)), Joh.k € [4],
(104) (5@(/1+5@+624+52+54),

(105) 2422,

iy =4 o0 81 +)+ 5] 0] 40} ),

+30670ik = 207, = 6ik03), = 207, + 3670 jk = 6in07y + 67 + 367 6nk +3030nk = 6ij0js + )

The Hilbert series of the rational Chow ring ofﬁm is equal to 1 + 121 +23¢% + 1213 + t*.

A. Logarithmic resolution of forgetful maps

We come back to the problem of Section 2.8 in greater generality and in a different language.

Recall that, contrary to the nodal case, the forgetful map /\_/ll,n (m) --» Ml,n_l (m) is only rational
for m > 2; in other words, /Vl,n (m) is only birational to the universal curve over Hl,n_l (m). Basically,
the reason is that elliptic m-fold points — as well as their higher genus generalisations — have nontrivial
moduli of attaching data, so these singularities are not determined by their pointed normalisation.

Suppose that the n-th marking lies on the core, and that the latter has level m + 1. Then forgetting
pn makes the curve m-unstable. The solution is to contract the core after sprouting the markings lying
directly on it; this will increase the level, since there must be at least one rational tail containing at least
two special points. The contraction is not well-defined as soon as there are at least two rational tails. In
order to resolve the indeterminacy, it is enough to blow up the loci Ts(m), where S is a partition of [n]
into m + 1 parts, of which at least two have |S;| > 2, and one is the singleton {n}; see [36, §2.1].

We now want to forget n — m markings at once. Smyth’s procedure would produce a zig-zag of
spaces. With a touch of logarithmic geometry we may instead resolve the indeterminacy simultaneously
by adapting the strategy of [32], as we now explain.

To every n-marked m-stable elliptic curve C we can associate an m-marked genus-weighted graph
I, as follows: I, has one vertex (of genus 1) corresponding to the core, and one vertex (of genus 0)
for every irreducible component not belonging to the core; edges correspond to nodes, except for those
internal to the core (in case the latter is a cycle of P's); moreover, I',, has m legs corresponding to the
first m markings of C, each attached to the vertex corresponding to the subcurve containing it. Finally,
vertices of genus 0 and valence 1 or 2 are removed as follows: bridges are forgotten, while for tails we
perform an edge contraction of the unique adjacent edge.

We now define M ,(m)T as the moduli functor over log schemes representing aligned n-marked
m-stable curves of arithmetic genus one: these curves have at worst m-fold elliptic singularities; they
are endowed with the trivial log structure on the complement of the rational tails (the ‘interior’ of the
core), and with the log smooth log structure away from the singular points of the core, so that for every
geometric point s of the base S the dual graph I',,,(Cy) is naturally metrised in the base characteristic
monoid Ms,s- Finally, we require that the tropical distances from the rational tails to the core are totally
ordered in the base monoid (alignment).
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S
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R
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Figure 1. The generic dual graph in the divisor ts: there is at least one stable rational tail, and all
rational tails are at the same distance R from the core (r > m).

Proposition A.1. Letm < 5. Then ﬂl,n (m)" is represented by a smooth Deligne—Mumford stack which
is log smooth with a locally free logarithmic structure. It is a log blow-up of M, (m).

Proof. Analogous to [32, Proposition 3.3.4]. Consider the forgetful map Ml,n(m) — U}, m, where the
latter denotes the stack of m-marked Gorenstein curves of genus one. As usual, we can replace U
with a finite type substack containing the image of Ml,n(m) (in particular, we can restrict to curves
with at worst elliptic m-fold points); we abuse notation by assuming this is done. Now, endow U ,,, with
the toroidal log structure induced by the divisor of rational tails. Aligning corresponds to a logarithmic
blow-up of the latter, as explained in [32, §3.4], which is then pulled back to Ml, n(m). O

The Picard group of M ,(m) is freely generated by A and boundary divisors 7s, S C [n] such that
2 < |§| £ n—m denoting the markings on the rational tail [35, Proposition 3.2] (recall that A and 0y are
multiples of one another). On M , (mfr we have the exceptional divisors as well [36, Proposition 3.2].
They can be interpreted modularly and described in tropical terms. In fact, the Picard group of M| a(m)T
is generated by those boundary strata that depend on a single tropical parameter. These strata s are now
indexed by partitions S of the marking set [n]: two markings belong to the same part if there is a node
separating them from the core. In particular, S has at least m + 1 (level condition) and at most n — 1 parts.

Let us denote by b: /\/ll,,,(m)T — M _,(m) the blow-up map. Then, 75 is an exceptional divisor
of b precisely when there is more than one part of S of cardinality > 2 (the number of such parts is
the codimension of the corresponding stratum in Ml,n(m)); at the generic point of 7, all the stable
rational tails are equidistant from the core. See Figure 1.

Proposition A.2. There is a forgetful map fn m: ﬂl,n(m)T M 1,m Such that:

Frm(H(m)) = H(m) ® Oxz, (s > zs . (A1)

St[n],|S|>m+1,[m]|—>S8 not injective

Moreover, the preimage of the m-fold point Z is the union of the loci of m-fold points such that every
pi» 1 = 1,...,m, cleaves to a different branch El(,, . . (p,....}}(m). In a neighbourhood of this
locus, b is an isomorphism, and f, m is flat; in particular, the normal bundle can be read off from
Lemma 2.23.

Proof. The construction of the forgetful map follows along the lines of [32, Theorem 3.7.1]: consider
circles or radius R around the core; let R,, be the minimal radius such that the inner valence of the
corresponding circle is < m (this determines the singularity of the contraction), and the outer valence
is > m (this determines the core level of the contraction). There is a log modification C of the universal
curve C over /\/ll,n(m)T corresponding to the subdivision of every edge (finite or infinite) at distance
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R,, from the core, cf. [32, Proposition 3.6.1]; geometrically, this corresponds to sprouting markings and
blowing up nodes as necessary to make sure that, when marked with the strict transforms of py, ..., pm,
the markings may lie on the core only if the level of the latter is at least m.

Let ¢ denote the conewise-linear (CL) function on I, representing the minimum between R,,, and
the distance from the core: the fundamental exact sequence of log geometry associates to u a line bundle
Og&(u), which can be interpreted fibrewise according to the dictionary of [32, Proposition 2.4.1]. In
particular, the line bundle £ = wz(p1 + ... + pu — p) is relatively semiample, trivial on the disc of
radius R,,, and ample outside of it, so that we obtain a contraction:

c : s C

~

Ml,n (m)—'

where C = ProjM+(EBk20 fr*£®k) is almost (m — 1)-stable when pointed with py,..., pm, cf. [32,
Proposition 3.7.6.1]. Roughly speaking, T performs the following operations:

o forgets all but the first m markings,

o contracts all the rational tails and bridges that have thus been made unstable,

o contracts a balanced subcurve of genus one in such a way to produce an elliptic /-fold point, with
[ < m, and level at least m.

This contraction induces the morphism f;, ;, : Ml,n (m)" — M Lm-

Proposition 2.21 implies that the Hodge bundle is unaffected by the contraction of rational compo-
nents, whereas it changes by the divisorial loci over which the core is contracted. This happens precisely
when the level of the core of C, marked by p1, ..., p, only, is strictly lower than m, that is, when at
least two of the first m markings belong to the same rational tail. This is exactly the condition that the
map [m] — S associating to i the part to which p; belongs is not injective.

Finally, we notice that, as soon as two among the first m markings lie on the same rational tail, the
above procedure produces an elliptic /-fold point with < m in C; hence, C has an elliptic m-fold point
if and only if C has one, such that each p; cleaves (possibly through a rational chain) to a distinct branch.
This locus is contained in the complement of the divisor where at least two markings among the first
m are separated from the core by a (the same) separating node, and in particular it is disjoint from the
blow-up centre.

The flatness of F can be proved by induction on n: the base case is n = m + 1. In this case, the
morphism F': M ,41(m) — M, is defined without need of blowing up, because the curve always
coincides with its core. In particular, no core contraction ever occurs, so that F identifies ﬂl,mﬂ (m)
with the universal curve over M 1,m minus the universal sections and the [-fold elliptic points; being
the composition of an open embedding and a flat family, F is therefore flat. The inductive step follows
along the same lines. O
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