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Abstract

We construct a natural smooth compactification of the space of smooth genus-one curves with
k distinct points in a projective space. It can be viewed as an analogue of a well-known smooth
compactification of the space of smooth genus-zero curves, i.e. the space of stable genus-zero
maps Mo 1 (P",d). In fact, our compactification is obtained from the singular space of stable
genus-one maps ﬁLk(P", d) through a natural sequence of blowups along “bad” subvarieties.
While this construction is simple to describe, it requires more work to show that the end result

is a smooth space. As a bonus, we obtain desingularizations of certain natural sheaves over the
“main” irreducible component ﬁ?k(ﬁ’m, d) of My 1 (P™,d). A number of applications of these
desingularizations in enumerative geometry and Gromov-Witten theory are described in the
introduction, including the second author’s proof of physicists’ predictions for genus-1 Gromov-

Witten invariants of a quintic threefold.
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1 Introduction

1.1 Background and Applications

The space of degree-d genus-g curves with k distinct marked points in P” is generally not compact,
but admits a number of natural compactifications'. Among the most prominent compactifications
is the moduli space of stable genus-g maps, M, x(P", d), constructed in [Gr] and [FuP]. It has found
numerous applications in classical enumerative geometry and is a central object in Gromov-Witten
theory. However, most applications in enumerative geometry and some results in GW-theory have
been restricted to the genus-zero case. The reason for this is essentially that the genus-zero moduli
space has a particularly simple structure: it is smooth and contains the space of smooth genus-zero
curves as a dense open subset. On the other hand, the moduli spaces of positive-genus stable
maps fail to satisfy either of these two properties. In fact, ﬁg,k(]}’m, d) can be arbitrarily singular
according to [V2]. It is thus natural to ask whether these failings can be remedied by modifying
M, x(P",d), preferably in a way that leads to a range of applications. As announced in [VZ] and
shown in this paper, the answer is yes if g=1.

We denote by 9 (P", d) the subset of My 1 (P™, d) consisting of the stable maps that have smooth
domains. This space is smooth and contains the space of genus-one curves with k distinct marked
points in P" as a dense open subset, provided d > 3. However, M ;(P",d) is not compact. Let
ﬁ?,k(]}’m,d) be the closure of My 1 (P", d) in the compact space M x(P",d). While ﬁ?k(]}””, d) is
not smooth, it turns out that a natural sequence of blowups along loci disjoint from 9ty 1 (P",d)
leads to a desingularization of ﬁ?k(]?”, d), which will be denoted by 537(1) (P d).

The situation is as good as one could possibly hope. A general strategy when attempting to desin-
gularize some space is to blow up the “most degenerate” locus, then the proper transform of the
“next most degenerate locus”, and so on. This strategy works here, but with a novel twist: we
apply it to the entire space of stable maps ﬁl,k(P”,d). The most degenerate locus is in fact an
entire irreducible component, and blowing it up removes it?. Hence one by one we erase the “bad”

I'We call a space M a compactification of M if M is compact and contains M. In particular, M need not be dense
in 9.

2Blowing up an irreducible component of a stack will result in the component being removed (or “blown out of
existence”), and the remainder of the stack is blown up along its intersection with the component in question.



components of My (P?,d). Each blowup of course changes the “good” component ﬁ?“ﬂ””,d),

and miraculously at the end of the process the resulting space ﬁ?k (P™, d) is nonsingular. We note
that this cannot possibly be true for an arbitrary g, as 9, ,(P", d) behaves quite badly according
to [V2]. The sequential blowup construction itself is beautifully simple. It is completely described
in the part of /S/ubsection 1.2 ending with the main theorem of the paper, Theorem 1.1. However,
showing that MY, (P, d) is in fact smooth requires a considerable amount of preparation (which
takes up Subsections 2.1-4.2) and is finally completed in Subsection 4.3.

Since the smooth space 537(1) x(P",d) is obtained from ﬁ(l)’k(]?”, d) by blowing up along loci disjoint
from MY 1 (P", d), ﬁ? x(P",d) is a smooth compactification of 9y 1 (P",d). One would hope that
there is a modular intérpretation of this new compactification, and that one could then for exam-
ple use this interpretation to construct the space E)ﬁ(i x(P", d) directly and show that it is smooth.
Unfortunately, we have not managed to do this.

The desingularization Z)/Z\T/I(l) p (P, d) of ﬁ?’k(]}’m, d) possesses a number of “good” properties and has
a variety of applications to enumerative algebraic geometry and Gromov-Witten theory. It has al-
ready been observed in [Fo] that the cohomology of MY, (P™, d) behaves in a certain respect like the

cohomology of the moduli space of genus-one curves, ﬂl,k. The space 537(1) x(P",d) can be used to
count genus-one curves in P”, mimicking the genus-zero results of [KM] and [RT] (though perhaps
not their simple recursive formulas). Proceeding analogously to the genus-zero case (e.g. as in [P],
[V1], and [Z3]), Theorem 1.1 can then be used to count genus-one curves with tangency conditions
and singularities. In all cases, such counts can be expressed as integrals of natural cohomology
classes on ﬁ?’k(]?”,d) or ﬁ%k(]}’m,d). Integrals on the latter space can be computed using the

localization theorem of [ABo], as 537(1)7,4:(]?”, d) is smooth and inherits a torus action from P™ and
My i (P, d).

We next discuss two types of applications of Theorem 1.1 in Gromov-Witten theory, as well as a
bonus result of this paper, Theorem 1.2. It is shown in [Z4] and [Z6] that the space 9?(1)7,%(]}””, d)
has a natural generalization to arbitrary almost Kéahler manifolds and gives rise to new symplectic
reduced genus-one G W-invariants. These reduced invariants are yet to be constructed in algebraic
geometry. However, the spaces sm‘f,k( " d) do possess a number of “good” properties and give rise
to algebraic invariants of algebraic manifolds; see the first and last sections of [VZ]. It is not clear
whether these are the same as the reduced genus-one invariants, but it may be possible to verify
this by using Theorem 1.2.

Theorem 1.1 also has applications to computing Gromov-Witten invariants of complete intersec-
tions, once it is combined with Theorem 1.2. Let a be a nonnegative integer. For a general
s€ HO(P", Opn(a)),

Y =s571(0) c P"

is a smooth hypersurface. We denote its degree-d GW-invariant by GW;k(d; ), i.e.

GW)(di ) = (0, [My(V,d)]™")  forall e H* (WMyu(Y,d); Q).



Suppose i is the universal curve over ﬁg,k(P”, d), with structure map 7 and evaluation map ev:

ev

U pPn
ﬁgﬂk(]}’m, d).
It can be shown that
GW{ 1 (d;9) = (1 - e(meev* Opn(a)), [Mo ke (P™,d)]) (1.1)

for all v € H*(My 1 (P",d); Q); see [Bea] for example. The moduli space My x(P", d) is a smooth
orbifold and
Tev Opn(a) — Mo (P", d)

is a locally free sheaf, i.e. a vector bundle. The right-hand side of (1.1) can be computed via the
classical localization theorem of [ABo]. The complexity of this computation increases quickly with
the degree d, but it has been completed in full generality in a number of different ways; see [Ber],
[Gal, [Gi], [Le], and [LLY].

If n=4, so Y is a threefold, then

oWl v) = DTGy (@) + (- elmev O @), LN ) (12)

for all ¢ € H*(90 x(P4,d); Q); see [LZ, (1.5) and (1.12)]. This decomposition generalizes to arbi-
trary complete intersections Y and perhaps even to higher-genus invariants. The sheaf

Teev* Opn (a) — Dy (P4, d) (1.3)

is not locally free. Nevertheless, its euler class is well-defined: the euler class of every desingulariza-
tion of this sheaf is the same, in the sense of [Z5, Subsect. 1.2]. This euler class can be geometrically
interpreted as the zero set of a sufficiently good section of the cone

—0
Vii,k — M, (P4, d),

naturally associated to the sheaf (1.3)3; see the second part of the next subsection and Lemma 5.1.

One would hope to compute the last expression in (1.2) by localization. However, since the variety

ﬁik(ﬂ”‘l, d) and the cone Vﬁk are singular, the localization theorem of [ABo] is not immediately
applicable in the given situation. Let

e —o0
7o MY (P, d) — DT, 4 (P, d)

be the projection map. As a straightforward extension of the main desingularization construction
of this paper, we show that the cone

ﬁ*Vfl,k - 977(1),1@(]?47 d)

3Vfl_,,C is a variety such that the fibers of the projection map to ﬁ?, k(IP’4, d) are vector spaces, but not necessarily
of the same dimension.



contains a vector bundle B .
Vfl,k - im(f,k(]P"l, d)

of rank da = rk Vﬁk‘mt? . (P4.d)> See Theorem 1.2. It then follows that
(- e(muev* Opn(a)), [T (P, d)]) = (v - (V). [Ty (P!, d)])

= (7P, [T (B, d)] ).

The last expression above is computable by localization. In fact, it is computed explicitly in [Z8],
confirming the prediction of [BCOV] for genus-one GW-invariants of a quintic threefold.

(1.4)

Remark: Another approach to computing positive-genus GW-invariants has been proposed in [MaP].
In contrast to the approach of [LZ], it applies to arbitrary-genus invariants, but can at present be
used to compute invariants of only low-dimensional and/or low-degree complete intersections.

The main desingularization construction of this paper is the subject of Section 4, but its key aspects
are presented in the next subsection. The construction itself and its connections with Sections 2
and 3 are outlined in Subsection 1.3. We suggest that the reader return to Subsections 1.2 and 1.3
before going through the technical details of the blowup constructions in Sections 2-4. In the next
subsection, we also describe a natural sheaf over E)Jl(l)’k(]Pm, d) which is closely related to the sheaf
mev*Opn(a) over ﬁg’k(ﬂm,d). It is shown to be locally free in Section 5. Finally, all the data

necessary for applying the localization theorem of [ABo] to Z)/Z\T/I(l) x(P",d) and e(]N/fl ) is given in
Subsection 1.4. In Appendix A, we list the most commonly used notation.

Throughout this article we work with Deligne-Mumford stacks. They can also be thought of as
analytic orbivarieties. As we work with reduced scheme structures throughout the paper, we will
call such objects simply varieties. Also, all immersions will be assumed to be from smooth varieties.*

The authors would like to thank Jun Li for many enlightening discussions and the referee for a
timely response with many detailed suggestions.

1.2 Description of the Desingularization

The moduli space ﬁl,k(P”, d) has irreducible components of various dimensions. One of these com-
ponents is ﬁ? w(P™, d), the closure of the stratum 9; ,(P", d) of stable maps with smooth domains.

We now describe natural subvarieties of ﬁl,k(P”, d)® which contain the remaining components of
My ,(P",d). They will be indexed by the set

Ai(d, k) = {o=(m; Jp,Jp): meZ*, m<d; [k]=JpUJp},
where (k] =A{1,... Kk}

For each o € Ay(d, k), let My »(P", d) be the subset of My x(P",d) consisting of the stable maps
[C,u] such that C is a smooth genus-one curve E with m smooth rational components attached

4The notion of “immersion” is often called “unramified” in algebraic geometry.

®In fact, these will be substacks of the stack 9%, x(P™, d). They can also be thought of as analytic sub-orbivarieties
of the analytic orbivariety My (P",d). As we work with reduced scheme structures throughout the paper, we will
call such objects simply varieties.



do

2
. (0,dy) o=(3;{2},{1})
dl (Ode) d1+d2+d3:d
dS d17d27d3>0
(1.0) 1 (0,d3)

Figure 1: The domain of an element of My ,(P",d)

directly to F, u|g is constant, the restriction of u to each rational component is non-constant, and
the marked points on E are indexed by the set Jp. Here P stands for “principal component”, B
stands for “bubble component”, and A stands for “admissible set”. Figure 1 shows the domain of
an element of M ,(P",d), where o= (3;{2},{1}), from the points of view of symplectic topology
and of algebraic geometry. In the first diagram, each shaded disc represents a sphere; the integer
next to each rational component C; indicates the degree of u|¢c,. In the second diagram, the compo-
nents of C are represented by curves, and the pair of integers next to each component C; shows the
genus of C; and the degree of u|c,. In both diagrams, the marked points are labeled in bold face.
Let 90 »(P", d) be the closure of My »(P", d) in My (P",d). The space My ,(P",d) has a number
of irreducible components. These components are indexed by the splittings of the degree d into m
positive integers and of the set Jp into m subsets. However, we do not need to distinguish these
components.

It is straightforward to check that

M (P, d) = I (P d)U | ] Do (P",d).
o€ A (d,k)

Dimensional considerations imply that if o= (m;Jp, Jp) € A1(d, k) and m <n, then My (P, d)
is a union of components of M; ,(P",d). The converse holds as well: 9y ,(P",d) is contained in
ﬁ%k(]}’m,d) if m>n by [Z4, Theorem 2.3]. However, we will use the entire collection A;(d, k) of

subvarieties of My 1 (P", d) to construct 52(1) x(P",d). The independence of the indexing set A;(d, k)
of n leads to a number of good properties being satisfied by our blowup construction; see (2) of
Theorem 1.1 and the second part of this subsection. It may also be possible to use this construction
to define reduced genus-one GW-invariants in algebraic geometry; this is achieved in symplectic
topology in [Z6].

We define a partial ordering < on the set A;(d, k) by
o'=(m'; Jp,Jg) < o=(m;Jp,JB) if o'#0, m'<m, and JpCJp. (1.5)

This relation is illustrated in Figure 2, where an element o of A;(d, k) is represented by an element
of the corresponding space M ,(P",d). We indicate that the degree of the stable map on every
bubble component is positive by shading the disks in the figure. We show only the marked points
lying on the principal component. The exact distribution of the remaining marked points between
the components is irrelevant.



<

Figure 2: Examples of partial ordering (1.5)

Choose an ordering < on A;(d, k) extending the partial ordering <. The desingularization
T ﬁ?,k( "d) — ﬁ?,k(pn’d)

is constructed by blowing up MMy (P", d) along the subvarieties M ,(P", d) and their proper trans-
forms in the order specified by <. In other words, we first blow up 9 (P, d) along M, ,, . (P, d),
where

Omin = (15 (D, [k'])

is the smallest element of Aji(d, k). We then blow up the resulting space along the proper transform
of My 5, (P, d), where oy is the smallest elemen‘g)f A1(d, k) —{omin}. We continue this procedure
until we blow up along the proper transform of My, . (P",d), where

Omax = (d; [k],0)

is the largest element of A;(d, k). The variety resulting from this last blowup is the proper transform

§JVT(1)7k(]ID”,d) of ﬁ?k(]}’m,d), as all other irreducible components of My (P", d) have been “blown
out of existence”.

The first interesting case of this construction, i.e. for ﬁ?O(PQ,S), is described in detail in [VZ].

The space ﬁ?ﬂo(ﬂﬂ; 3) is a smooth compactification of the space of smooth plane cubics. It has a
richer structure than the naive compactification, P?, does.

Theorem 1.1 Suppose n,d€Z", k€Z", < is an ordering on the set A1(d, k) extending the partial
ordering <, and

7o 4 (P, d) — DN, (P", d)

is the blowup of ﬁ(l)yk(]?", d) obtained by blowing up My 1 (P",d) along the subvarieties My ,(P", d)
and their proper transforms in the order specified by <.
(1) The variety ﬂﬁ?’k(]Pm, d) is smooth and is independent of the choice of ordering < extending <.

(2) For all m<n, the embedding ﬁ(l)’k(]?m,d) —>ﬁ?7k(]Pm, d) lifts to an embedding
My (P, d) — MY (P, d)

and the image of the latter embedding is the preimage of ﬁ(l)yk(]?m,d) under T.

(8) The blowup locus at every step of the blowup construction is a smooth subvariety in the corre-
sponding blowup of My (P, d).

(4) All fibers of T are connected.



Remark: While in Section 4 we analyze the blowup construction starting with the reduced scheme
structure on My 1 (P",d), Theorem 1.1 applies to the standard scheme structure on My ,(P",d) as
well. It is known that the space

1) _ a0 n an 1)
M (P, d) = M, 4 (P, d) — | Do (P",d),
€A1 (d,k)

consisting of stable maps with no contracted genus-one component, is a smooth stack (as such
maps are unobstructed, see for example [V1, Prop. 5.5(c)]). Thus, its scheme-theoretic closure,
ﬁ(i w(P",d), is reduced. During the blowup process all other components of MM (P, d) are “blown
out of existence”, as is any non-reduced scheme structure.

In Theorem 1.1 and throughout the rest of the paper we denote by ZT the set of nonnegative
integers. We analyze the sequential blowup construction of Theorem 1.1 in Section 4 using the
inductive assumptions (I1)-(/15) of Subsection 4.3. One of these assumptions, (I3), implies the
second part of the first statement of Theorem 1.1, as different choices of an ordering < extending
the partial ordering < correspond to different orders of blowups along subvarieties that are disjoint.
For example, suppose

0= (20.{1.2)), o1=(2{1},{2}), and o= (2{2}.{1}).

While 90y 5, (P™, d) and 9 4, (P, d) do intersect in My o(P", d), their proper transforms are disjoint
after the blowup along ﬁlm (P™,d). The second statement of Theorem 1.1 follows immediately
from the description of the blowup construction in this and the next subsections, as each step of
the construction commutes with the embeddings of the moduli spaces induced by the embedding

P — P,

The main claim of this paper is that ﬁ?k( " d) is a smooth variety. The structure of Dﬁ‘fﬁ,; (P™, d)

is well understood; see [V1, Prop. 5.5(c)] for example. In particular, m‘ﬁ(ﬂ””, d) is smooth. Below

we describe the structure of the complement 85?‘%( " d) of m‘ﬂ (P™,d) in ﬁ?,k (P™, d).

If J is a finite set and ¢ is a nonnegative integer, we denote by M% J the moduli space of stable
genus-g curves with |J| marked points, which are indexed by the set J. Similarly, we denote by

M, (P, d) the moduli space of stable maps from genus-g curves with marked points indexed by J
to P If jeJ, let

evj: My ;(P",d) — P
be the evaluation map at the marked point labeled by j.
If o=(m; Jp, Jp) is an element of A;(d, k), we define

Moo (P, d) = { (br, .. b) € [] Mo q0jor, (B, ) di>0, > di=d; | | Ji=J;
=1 =1 i=1

evo(bil):evo(big) V’il, 19 € [m]}



dy (0,0) 0.dy) o=(3;0,0)
s U2
0,d di+dy+ds+ds=d
d3 (0?0) ( 3) d17d2)d37d4>0
(1,0) (0, da)

Figure 3: A point in My »(P", d) CMy o(P", d) with two preimages under

There is a natural node-identifying surjective immersion
to: Mo,p XMy p (P, d) — My 5 (P, d) C My (", d).

As before, P denotes “principal component”, and B denotes “bubble components”. This immersion
descends to the quotient:

lo: (Mop X My.5 (P, d)) /Gy — My (P, d),

where G, =.5,, is the symmetric group on m elements. If m>3, 7, is not an isomorphism as some
subvarieties of the left side are identified. An example of a point on the right which is the image of
two points on the left is given in Figure 3. In addition to the conventions used in Figure 1, in the
first, symplectic-topology, diagram of Figure 3 we leave the components of the domain on which the
map is constant unshaded. The subvarieties identified by the map 7, get “unidentified” after taking
the proper transform of My ,(P", d) in the blowup of My x(P",d) at the step corresponding to

& =max {o’ € A(d,k): o' <0 }.

This is insured by the inductive assumption (/13) in Subsection 4.3 and implies the third statement
of Theorem 1.1. For example, if m =3 and k=0 as in Figure 3, the “identified” subvarieties are
“unidentified” after the blowup of the proper transform of 9, (5.4 9y (P", d).

Remark: Throughout the paper, we use 9 (fraktur font) to denote moduli spaces of stable maps,
of genus-zero or one, into P". We use M (calligraphic font) to denote moduli spaces of stable curves.

For each i€ [m], let

Ty ﬁcr;B(]P)nv d) - |_| ﬁo,{o}uJi (Pn’ dz)
di>0,J¢CJB

be the natural projection onto the ith component. We put

m
*
FU;B = @771 LOa
=1

where Ly — ﬁo,{o}u J;(P",d;) is the universal tangent line bundle for the marked point 0. In
Subsections 2.3 and 3.4, we construct blowups

TP =T, ([m], Jp) * MU;PEML([m]JP) - HU?PEML[M}UJP and
ﬁU;BEWO,([m],JB) : mg;B(Pna d)ESﬁO,([m],JB)(]va d) - ]P)FU;B EPF([m]JB)'



—~ lo

Mop X Zpp(Phd) ————— M, (P"d)

)

Jﬁ—a;P ‘7?0';3 J’ﬁ

_ _ Ly _
Mo.p X My p(P",d) mlvk(ﬂm’d)

Figure 4: Changes in the boundary structure of ﬁ?,k (P™,d) under the desingularization

We also construct a section

ﬁcr;B Eﬁ([m},JB) € F(ﬁU;B(Pna d)a E*;B ®7};;BWE’F0;BeVSTPn) ) (16)

g

where

evp: ﬁU;B(]P’", d) — P" and TpF,, 5 PFop — ﬁU;B(P”, d)
are the natural evaluation map and the bundle projection map, respectively, and
Eop=E — My, p5(P", d) =My (.7 (P", d)
is a line bundle. This line bundle is the sum of the tautological line bundle
Yo:8 — PFoB

and all exceptional divisors. The section ﬁa; B is transverse to the zero section. Thus, its zero set,

Z53(P",d) = D, }5(0) C Myp(P", d), (1.7)
is a smooth subvariety. The boundary 8%?’,6( ".d) of ﬁ?k (P™,d) is a union of smooth divisors:

oMy (P d) = | ) Zo(P".d)/Gs,  where Z,(P",d) = Mo,px Zo.5(P", d);
o€ Ay (d,k)

see the inductive assumptions (I7) and (I8) in Subsection 4.3 and Figure 4. By the inductive
assumption (I6) and (I7), the normal bundle of Z,(P™, d) in ﬁm(]}’m, d) is the quotient of the line
bundle . B
Lop ® 7y Vo8 — Mop X Z5,5(P", d)
by the G,-action, where - -
Lop=L — Mo p =My ((m),7p)

is the universal tangent line bundle constructed in Subsection 2.3. Thus we conclude that ﬁ?’ w(P,d)

is smooth, as the open subset Sﬁ‘ffi (P™, d) is smooth, and its complement is a union of smooth divi-
sors whose normal sheaves are line bundles (i.e. with their reduced induced scheme structure, they
are Cartier divisors).

Remark 1: In the Gromov-Witten theory, the symbol E is commonly used to denote the Hodge
vector bundle of holomorphic differentials. It is the zero vector bundle in the genus-zero case.

10



The line bundles over moduli spaces of genus-zero curves and maps we denote by [E, with various
decorations, play roles analogous to that of the Hodge line bundle over moduli spaces of genus-one
curves. The most overt parallel is described at the end of Subsection 2.2. There are deeper, more
subtle, connections as well; compare the structural descriptions of Lemmas 3.8 and 4.10, for exam-
ple.

Remark 2: Throughout this paper, the symbols D and ®, with various decorations, denote vector
bundle sections related to derivatives of holomorphic maps into P™ and of holomorphic bundle
sections. In most cases, such bundle sections are viewed as vector bundle homomorphisms.

The final claim of Theorem 1.1 follows from the fact that 97(1)7k(]Pm, d) is unibranch (locally irre-
ducible). If 7: Y — X is a surjective birational map of irreducible varieties, and 7 ~1(z) is not
connected for some x € X, then X is not unibranch at x.

We next describe a desingularization of the sheaf 7,ev*Opn(a) and of the corresponding cone Vf’k
over ﬁ?’k(]?”, d). Let =7*$ be the pullback of & by 7:

~ T ev

u

R

n T _ a0 n
My (P, d) ——= 9 1, (P, d).

)

]P)TL

For each o€ Ay(d, k), let o
VU;B — ma;B(]P)ny d)

be the cone induced by the sheaf Opn(a), similarly to V;{k; see Subsection 5.2 for details. It is a
vector bundle of rank da-+1. We note that
ﬁ*vﬁk|§a(ﬁ"”,d) = 7T*B {ﬁ-;BWfE)Fa;BVU?B‘Z~U;B(Pn,d) }/Gau
where . B N
TR: Mg;p X ZU;B(]Pm, d) — U;B(]P)n, d)
is the projection map. Let £=~*®% where v — P" is the tautological line bundle.

Theorem 1.2 Suppose d,n,a€Z* and keZ™.
(1) The sheaf T, 7*ev*Opn(a) over W?’k(]P’”,d) is locally free and of the expected rank, i.e. da.

(2) If f}f,k Cfr*Vﬁk, is the corresponding vector bundle and o € A1(d, k), then there exists a surjective
bundle homomorphism

.k * - * ~ % * *
DoiB: WU;BWPFU;BVU;B|ZG;B(]}Dn,d) — Es ®7TU;B7TPF(,;BGV0£

over ga;B(lP’”, d) such that B
vﬁﬁim,d) = (7} ker D.5) /Gy

(3) Tume ev*Opn(a) = meev*Opn(a) over ﬁ?’k(]?”, d).
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The first two statements of this theorem can be used to compute expressions like (1.4) via the
classical localization theorem and the short exact sequence (1.10) below. We prove them by working
with the cone

p: ml,k(ﬁ, d) — mng(]Pn,d).

The sheaves m.ev*Opn(a) and m, 7 ev*Opn (a) are the sheaves of (holomorphic) sections of

Vi =L, d — D} (P, d)

ey
and ﬁ*Vﬁk, respectively; see Lemma 5.1. In Subsection 5.4, we lift the blowup construction of
Subsection 3.4 to My (L, d). In particular, we blow up 9 x(L,d) along the subvarieties

My (L,d) =p (M ,(P", d)), o€ A(d,k),

and their proper transforms. The end result of this construction, which we denote by ﬁ? w(L,d),

is smooth for essentially the same reasons that ﬁ?k(ﬂ””, d) is. The only additional input we need

is Lemma 5.7, which is a restatement of the key result concerning the structure of the cone V{l’k
obtained in [Z5]. The bundle
PO (L, d) — D, (B", d)

of vector spaces of the same rank contains ﬁ?k(P”,d) as the zero section. Thus, p is a vector
bundle. There is a natural inclusion

ﬁ(1),k(£7 d) - 77r*ﬁl,k(£7 d)

All sections of #*9M (£, d) must in fact be sections of ﬁ?k (L, d) and thus the sheaf T, 7 ev*Opn (a)
is indeed locally free. The bundle map

Do:5 = D(jm),Jp)

of the second statement of Theorem 1.2 is described in Subsection 5.2. It is the “vertical” part
of the natural extension of the bundle map D,,p from stable maps into P™ to stable maps into L.
Finally, the last statement of Theorem 1.2 is a consequence of the last statement of Theorem 1.1;
see Lemma 5.2. At this point, this observation does not appear to have any applications though.

Remark: By applying the methods of Section 5 and of [Z5], it should be possible to show that the
standard scheme structure on My ,(P",d) is in fact reduced.

1.3 Outline of the Main Desingularization Construction

The main blowup construction of this paper is contained in Subsections 4.2 and 4.3. It is a sequence
of idealized blowups along smooth subvarieties. In other words, the blowup locus ﬁf;l at each
step comes with an idealized normal bundle N¢. Tt is a vector bundle (of the smallest possible
rank) containing the normal cone N for ﬁi;l. After taking the usual blowup of the ambient space

along ﬁcf;l, we attach the idealized exceptional divisor
5ide =P Nide

12



along the usual exceptional divisor .
E=PN C &,

The blowup construction summarized in Theorem 1.1 is contained in the idealized blowup construc-
tion of Section 4. The latter turns out to be more convenient for describing the proper transforms

of ﬁ?k(]}’m, d), including at the final stage, i.e. ﬁ%k(]?”, d).

The ambient space ﬁfk at each step o € {0}U.A;(d, k) of the blowup construction contains a
subvariety ﬁia* for each o* € A1(d, k). We take ﬁia to be the idealized exceptional divisor for

. . . . o1 = .
the idealized blowup just constructed, i.e. along E)JTZU .Mfo*<ooro*>o, sm‘{,a* is the proper

transform of ﬁia* or My, (P, d), respectively.

Every immersion ¢,+ of Subsection 1.2 comes with an idealized normal bundle N, L‘ff It is a vector
bundle of the smallest possible rank containing the normal cone to the immersion ¢, (see Defini-
tion 4.1). It is given by

N = PrpLionpriLly  if o = (m*Jp, Jp),

1€[m*]

where

TP, TB: ma*;P Xﬁa*;B(Pna d) - MU*;P? ﬁcr*;B(]Pma d)

are the component projection maps. In the case of Figure 1, L‘ff is a rank-three vector bundle
encoding the potential smoothings of the three nodes. At each step o of the blowup construction,
Lo+ induces an immersion ¢4 5+ onto ﬁia*. Like the domain of ¢4+, the domain of ¢4 4+ splits as
a Cartesian product. If ¢* > o, the second component of the domain does not change from the
previous step, while the first is modified by blowing up along a collection of disjoint subvarieties, as

specified by the inductive assumption (19) in Subsection 4.3. The idealized normal bundle N, jfi is
obtained from /\/Liffl _. by twisting the first factor in each summand by a subset of the exceptional
divisors, as speciﬁed by the inductive assumption (I11). These blowup and twisting procedures
correspond to several interchangeable steps in the blowup construction of Subsection 2.3. For
0" =0, the first component in the domain of ¢,_1 , has already been blown up all the way to M,.p
and the first component of every summand of N, Lifflyg has already twisted to the universal tangent
line bundle L, i.e.
N = P npLlenpnLo = mpLl @ T Fep — Meap xMo5(P", d),

lo—1,0

1€[m]
if c=(m; Jp, Jp). In particular, the domain of ¢4,

PN/ = My.pxPF,.p,

lo—1,0

still splits as a Cartesian product! The idealized normal bundle for ¢, is the tautological line for
]P'/\/’Llc?il,o" .

NS = jae | = TpL@TRYE, 5 = TPLOTE 0.
On the other hand, if 0* < o, the domain of ¢, ,+ is obtained from the domain of ts_1 5+ by

blowing up the second component along a collection of disjoint subvarieties, as specified by the
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inductive assumption (I4) in Subsection 4.3. This corresponds to several interchangeable steps
of the blowup construction in Subsection 3.4. By the time we are done with the last step of the
blowup construction in Subsection 4.3, PF,.p has been blown up all the way to My 5(P",d). In

the o* <o case,
ide __ pAride

[ - lo—1,0%"
since ﬁf’;i is transverse to ﬁ?;l
We study the proper transform ﬁi(o) of ﬁ(l)’k (P™,d) in ﬁ?k by looking at the structure of
Z%. = Lgal (ﬁi(o)).
Given a finite set J, there are natural bundle sections
sj € T(My s LiQE), jel, and Dy € T (Mg oy (P, d); LiQevyTP");
see Subsections 2.2 and 3.2, respectively. By Lemma 4.10, the intersection of
Zoo =15 (ﬁ(l),k(Pn>d))
with the main stratum M+ p XMy p(P", d) of MU*;p xﬁa*;g(]}’m, d) is
22 = {bE My .p x Mo g (P, d) : ker Dy |, # {0} },
where

Dy € I'(Moge;p x M=, 5(P", d); Hom(N%, 7pE* @mhevi TP")),

Dy = mpsi@mp™; Do, Vie[m™].

mp L@y Lo
e . -~ i . . . . an?d

In addition, if N'ZZ. CN/9° is the normal cone for the immersion tgq+|z0_ into My (), then
s o* )

NZD.

= ker D
20, o129,

and NV Z). is the closure of N'Z0. |, in /\/'Lfle By Lemma 4.5, N Z. is still the closure of N'Z2.

but now in /\/Lif'i*, for all o <o*. In Subsection 2.3, we construct a non-vanishing section

0
Z)

S; € P(ﬂu; L*®E*) ~ F(ml,ﬁ (C)

obtained by twisting s; by some exceptional divisors. Since 5; agrees with s; on My«.p, we can
replace s; with §; in the descriptions of D,+, Z9., and N Z0. above. In particular, N'ZZ. s

z0,

o

the closure of

N2,

[

z0 = mpl@mpker Da*;B‘ZO C npL®ngFy=.B, where
o* o*

Do+ € I'(Mye,5(P", d); Hom (Fy+, 3, evgTP")), Do+

7*Lo :W:D(), VZG[m*]
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The bundle homomorphism D+, g induces a section
Dy € L(PFy+;B; 7.5 ®7TI>5FO*4BGV3TP“)~

By the previous paragraph and Lemma 4.5, Z_’g: is the closure of

Mge.p x Dy (0)NPF,- C Mo=;p x PFep and

§B‘9ﬁg*;B(P",d)
NZZ = W}L@W*B’YU;B|20:.

Since ﬁ%k(]}’m, d) Eﬁ‘f}‘g"“‘ (P™,d) is the proper transform of ﬁf(o) in ﬁir};ax,

ZO'* = Lil (ﬁ%k(]}])n’d))

Omax,0*

is still the closure of

Me=ip % Dy H(O)PFo Bloy . pn gy © Mowip X Moeip (B, d).

Pn7d)
On the other hand, in the process of constructing the blowup ﬁa; B(P",d) of PF,+.p in Subsec-
tion 3.4, we also define a bundle section

6cr*;B € F(ﬁa*;B(an d)7 EZ’;B ®7~T;;B7T]>Ik"FU*ABeVST]Pm)

by twisting 250 by the exceptional divisors. In particular,

D, 5(0)NPE,- = Dy H(0)NPF,-

?B|SDTU*;B(IP’H,d) ;B‘zm(,*;B(Pn,d)'

Since Dy+.p is transverse to the zero set, we conclude that

as stated in Subsection 1.2.

Finally, the role played by the blowup construction of Subsection 2.4 in the blowup construction
of Section 3 is similar to the role played by the construction of Subsection 2.3 in the construction
of Section 4. In the case of Section 3, we blow up a moduli space of genus-zero stable maps,
PFx, ), along certain subvarieties 93?87 o and their proper transforms. These subvarieties are images
of natural node-identifying immersions ¢p,. The domain of (g, splits as the Cartesian product of
a moduli space of genus-zero curves and a moduli space of genus-zero maps, defined in Subsec-
tions 2.4 and 3.3, respectively. As we modify 93?8’ o Dy taking its proper transforms in the blowups
of PFx, y) constructed in Subsection 3.4, the first factor in the domain of the corresponding im-
mersion changes by blowups along collections of smooth disjoint subvarieties, as specified by the
inductive assumption (16). This change corresponds to several interchangeable steps in the blowup
construction of Subsection 2.4. By the time we are ready to blow up the proper transform of 97?87 o’
the first component of the domain of the corresponding immersion has been blown up all the way
to Mo pp, the end result in the blowup construction of Subsection 2.4.
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In the blowup construction of Subsection 3.4, we twist a natural bundle section
Do € T (PFi,7)5 V) OTE Fy ) VO TP
by the exceptional divisors to a bundle section
Dp,sy € T (M, ) (P, d); E* @75 D TBE 5 eVoTP").

The two sections enter in an essential way in the main blowup construction of this paper. It is
also essential that D(N 7) 1s transverse to the zero set. The section Do is transverse to the zero set

outside of the subvarieties zmo, 0,0 and vanishes identically along Dﬁ . Its derivative in the normal
direction to ¢ , is described by Lemma 3.11, using Lemma 3.8. The bundle sections s; over a moduli
space of genus-zero curves defined in Subsection 2.2 and modified in Subsection 2.4 enter into the
expression of Lemma 3.8. In fact, this expression is identical to the expression for D,« above,
i.e. in the genus-one case. We use Lemma 3.11 to show that with each newly twisted version of 250
is transverse to the zero set outside of the proper transforms of the remaining subvarieties ﬁ& 0
i.e. the ones that have not been blown up yet; see the inductive assumption (I4) in Subsection 3.4.
In particular, at the end of the blowup construction of Subsection 3.4, we end up with a twisted
version of Dy, which we call D(N J7), which is transverse to the zero set.

1.4 Localization Data

Suppose the group G'= (S1)"H! or G=(C*)"*! acts in a natural way on the projective space P™.
In particular, the fixed locus consists of n+1 points, which we denote by pog,...,pn, and the only
curves preserved by G are the lines passing through pairs of fixed points. The G-action on P"
lifts to an action on M x(P",d) and on zmg{k (P™,d). The fixed loci of these two actions that are

contained in 9MSE (P" d) and their normal bundles are the same and are described in [MirSym,
Sects. 27.3 and 27 4]. We note that the four-term exact sequence [MirSym, (27.6)] applies to such
loci.

In this subsection, we describe the fixed loci of the G-action on 52(1) x(P",d) that are contained in

aﬁ? x (P, d) and their normal bundles. To simplify the discussion, we ignore all automorphism
groups until the very end of this subsection.

The boundary fixed loci 21: will be indexed by refined decorated rooted trees r. Figure 5 shows such
a tree I" and the corresponding decorated graph I'=7(T"). In [MirSym, Section 27.3] the fixed loci

Zr of the G-action on ﬁg,k(]}’m,d) are indexed by decorated graphs I'. If I' is a decorated graph
such that Zr is a G-fixed locus contained in 09 ;(P", d), we will have

Zp NI, (P, d) = fr( | | §f),

where I denotes a refined decorated rooted tree.
We now formally describe what we mean by a refined decorated rooted tree and its corresponding

decorated graph. A graph consists of a set Ver of wvertices and a collection Edg of edges, i.e. of
two-element subsets of Ver. In Figure 5, the vertices are represented by dots, while each edge
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Figure 5: A refined decorated rooted tree and its decorated graph

{v1,v2} is shown as the line segment between v, and ve. A graph is a tree if it contains no loops,
i.e. the set Edg contains no subset of the form

{{U1>U2}7{U27U3}7' . '7{1}]\77’01}}7 V1y.-.,UN GVGI', N>1.

A tree is rooted if Ver contains a distinguished element vg. It is represented by the large dot in
the first diagram of Figure 5. A rooted tree is refined if Ver—{vo} contains two, possibly empty,
distinguished subsets Ver, and Verp such that

VeryNVerg =0 and {wvg,v}€Edg Vove VeryUVer.

We put
Edg, = {{vo,v}: v€Very} and Edgy, = {{vo,v}: ve Verp}.

The elements of Edg, and Edg, are shown in the first diagram of Figure 5 as the thick solid lines
and the thin dashed lines, respectively. Finally, a refined decorated rooted tree is a tuple

[ = (Ver,Edg; vo;Ver+,Ver0;u,0,n), (1.8)
where (Ver, Edg; vg; Ver, Ver) is refined rooted tree and
1 Ver—Verg — {0,...,n}, 0: Edg—Edgy, — Z*, and #n:{1,...,k} — Ver

are maps such that
(i) p(v1)=p(v2) and d({vp,v1})=0({vo,v2}) for all vy, ve € Very;
(ii) if vy € Very, vy € Ver—Verg— Very, and {vg,v2} € Edg, then

p(or) # pva)  or o({wo,v1}) #0({vo, va});
(iii) if {v1,v2} € Edg and va & VergU{vp}, then
w(vg) #p(vy) if vy & Verg and p(vg) #p(vg) if vy € Verg;
(iv) if vy € Verg, then {v;,v2} € Edg for some vg € Ver—{uvg} and
val(vy) = [{vo € Ver: {v1,vo} €Edg}| + [{l € [k]: n(l)=v1| > 3;

(v) Ceenag 0(€) > 2.
In Figure 5, the value of the map p on each vertex, not in Verg, is indicated by the number next to

17



the vertex. Similarly, the value of the map 9 on each edge, not in Edgy, is indicated by the number
next to the edge. The elements of the set [k] =[3] are shown in bold face. Each of them is linked
by a line segment to its image under 7. The first condition above implies that all of the thick edges
have the same labels, and so do their vertices, other than the root vy. By the second condition, the
set of thick edges is a maximal set of edges leaving vy which satisfies the first condition. By the
third condition, no two consecutive vertex labels are the same. By the fourth condition, there are at
least two solid lines, at least one of which is an edge, leaving from every vertex which is connected
to the root by a dashed line. The final condition implies that either the set Edg, contains at least
two elements or its only element is marked by at least 2.

A decorated graph is a tuple
[ = (Ver,Edg; g, 11,0,7),

where (Ver, Edg) is a graph and
g: Ver — Z%,  p: Ver — {0,...,n}, 9:Edg — Z", and n:{1,...,k} — Ver

are maps such that
p(vr) # p(vz) if {vr,v2} €Edg.

The domain [k] of the map 71 can be replaced by any finite set. A decorated graph can be represented
graphically as in the second diagram of Figure 5. In this case, every vertex v should be labeled
by the pair (g(v), (v)). However, we drop the first entry if it is zero. If T is a refined decorated
rooted tree as in (1.8), the corresponding decorated graph I' is obtained by identifying all elements
of Verg with vg, dropping Edg, from Edg, and setting

1, ifv=wvg;
g(v)Z{ ;

0, otherwise.

In terms of the first diagram in Figure 5, this procedure corresponds to contracting the dashed
edges and adding 1 to the label for vg.

The fixed locus Zr of ﬁLk(]Pm, d) consists of the stable maps u from a genus-one nodal curve ¥,
with k£ marked points into P” that satisfy the following conditions. The components of >.,, on which
the map wu is not constant are rational and correspond to the edges of I'. Furthermore, if e={vq,v9}
is an edge, the restriction of u to the component ¥, . corresponding to e is a degree-d(e) cover of
the line
Pil)u(m)’p#(%) c B

passing through the fixed points p,,,) and p,,). The map ulg, . is ramified only over p,(,,)
and p(,,)- In particular, uls, . is unique up to isomorphism. The remaining, contracted, compo-
nents of ¥, correspond to the vertices v € Ver such that

val(v) + g(v) > 3.

For such a vertex v, g(v) specifies the genus of the component corresponding to v. The map u
takes this component to the fixed point p(v). Thus,

Zr &~ MF = H ﬂg(y),val(v);

vEVer
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Figure 6: A refined decorated rooted tree and some of its components graphs

see [MirSym, Section 27.3]. For the purposes of this definition, M and Mpo denote one-point
spaces. For example, in the case of the second diagram in Figure 5,

— — N —_9 — 8 N
ZF ~ Ml" = MLH) XM(),3 XMO,Q XMO,l ~ Ml,l()-

In this case, Zr is a locus in My 3(P",22), with n>3.

If T is a refined decorated rooted tree as in (1.8), we put
Edg(vo) = {{vo,v1} €Edg: vi € Ver} and Juo = {l€[k]: p(l)=vo}.
Similarly, for each vEVero, we set
Edg(v) = {{v,v1} €Edg: v; € Ver—{vo}} and Jo = {le[k]: pl)=v}.

If e = {v,v1} is an element of Edg(v) for some v € Verg or of Edg(vg) —Edg, with v = vg, let
(Vere, Edg,) be the branch of the tree (Ver, Edg) beginning at v with the edge e. We put

Jo={l€k]: p(l)eVerc—{v}}  and  de= Y ().

e’€kdg,
Let T, be the decorated graph defined by
f‘e = (Verea Edg.; ge =0, pte, 0c ED|Edgeane)7 where

qu_{wﬂh if o #v; (), iflel.;
(W) =

{0}, Ver,, l)=
w(vg), if v'=wv; e: {00 Je — Vere, - ne(l) {v, if [=0;

see Figure 6 for two examples.

If e is an element of Edg(vy) —Edg, or of Edg(v) for some v € Very, let
Z5 C Mo g0y, (P, de)
be the fixed locus corresponding to the decorated graph T'.. We put
o(T) = (|Edg(vo)l; Jugs K]~ Tu) € AL(d,R),  Mpp = M. pi

Z_f§B - H Zfe X H (MO,{O}LIEdg(v)I_IJU X ) ]P)n d),
ecEdg(vo)—Edg,  v&Verg eeEdg(v)
Ff;B = @ L5§0 - Fa(f); - ZF B
eckdg,
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where Le,o — Zf_ is the tangent line bundle for the marked point 0. If e= {vo,v1} is an element
of Edg, , let

pi(0) = p(vr),  04() =0(e), and dimy(T) = {|Edg+|—27 if 0.4(T)

r =1;
|Edg, |1, if 04 (T)>2.

By the assumption (i) above, the numbers py(I') and 9, (I') are independent of the choice of
e € Edg,. Furthermore, if e,¢’ € Edg,, then the line bundles L.y and Le,y are G-equivariantly
isomorphic. Thus,

Frpp~CPed L., if ecEdg,.

The group G acts trivially on CFdg+l Let

A {(we)eeEdg+ E(CEdg+ : ZeGEngrw@:O}’ if DJr(f):l;
BB | cPdes if 9, (T)>2;

éf;B = ]P)(F%,;B®Le;0) ~ Zf;B X ]P)dim_‘_(F).

While the moduli space gT)vTa(f), p(P",d) is a blowup of IP)FU(f), > none of the blowup loci inter-
sects gﬁB' Thus,

In fact,

We put

Zp = Myp % Zpp.
By the above, éf is a fixed point locus in ﬁ? w(P",d). For example, in the case of the first diagram
in Figure 6,
o(f) = (T:{21.{1.3}),  Mgp = Myn,pp,
Zpp= <ﬂ0,3xﬂg,2 Xﬂg,l) X (M(Q),:s Xﬂé,z Xﬂg,l) ~ {pt};
tk Fpp =tk FL =3, Zrp mPY Zp A My (g o <P

The weight of the G-action on the line L. is 1/2 of the weight of the G-action on Tpo]P)gluo,pﬁ see
[MirSym, Sects 27.1 and 27.2].

We next describe the equivariant normal bundle A/ gf of 21: in ﬁ? w(P",d). Let

Nﬁd(f);B(Pn,d)ZﬁB » Zpp

be the normal bundle of Zf, pin ﬁa(f), p(P",d). This normal bundle can easily be described using
[MirSym, Section 27.4]. Let

Le;Ou if D+(f) =

1:
Fo =F a o/(FL ®Leo) ~ Leog @ - ’
I:B U(F),B/( ;B 70) @ e’;0 {{0}7 if D+(F) >2,

e/’€Edg(vo)—Edg™
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where e is an element of Edg, . The normal bundle of 21:, g in 5?0(1:), p(P",d) is given by

- ) ) .
e Zim = N o a) 288 Vi, 1O Leo®

N~
EmU(l:);
where Ydimy pdim+ T g the tautological line bundle. Since none of the exceptional divisors
intersects va, B

EU;B|§f;B = Ydim, 7 © Leso- (1.9)

Since the section 50; B is transverse to the zero set, the normal bundle of va; pin gcr(f); g(P",d) is

Ngg(f);B(P”vd)Zf?B - Nﬁa(f);B(P",d)Zf%B/ (7§im+ @ LE0 O T E")

by (1.6) and (1.7). Finally,

NZp =N

o(T); B

(P,d) Zf;B D La(f);P®7dim+ ®Leo,
since the normal bundle of ZVU(I:) (P™,d) in ﬁ%k(ﬂ””, d) is L (7). p @Y7, 8-

In order to compute the last number in (1.4), we also need to determine the restriction of the vector
bundle V‘f’k to Zz. By Theorem 1.2 and (1.9), there is a short exact sequence of vector bundles:

1>d d * *
0— Vl,k"z} — Va(f);B‘gf;B — ’Ydim+f‘®Le?0®['”(v0) —0 (1.10)

over ZNf. This exact sequence describes the euler class of the restriction of ljf’k to 21:.
If a:(m; Jp, JB)EAl(d, k‘),

— IJPl . (1 —1)!
<c|1M|+‘JP|(L;;P);MU;P> — %’

by Corollary 1.2 in [Z7]. This is the only intersection number on ./\70; p needed for computing the

last number in (1.4) and the integrals of the cohomology classes on ﬁ?’k(]}’m, d) that count elliptic
curves in P” passing through specified constraints. For more general enumerative problems, such as
counting curves with tangency conditions, as in [V1], and with singularities, as in [Z3], one would
need to compute the intersection numbers of the form

<ch( p)- wal,ﬂa;p) where o+ Y B = |m| + |Jpl.

leJp leJp

Theorem 1.1 in [Z7] gives a recursive formula for such numbers. The recursion is on |m|+|Jp],
i.e. the total number of marked points. The starting data for the recursion is the well-known num-

ber <¢1, ﬂ171> = 1/24.

In the above discussion we ignored all automorphism groups. As in [MirSym, Chapter 27], the
rational function for each refined decorated rooted tree I' obtained following the above algorithm
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and applying the localization theorem of [ABo| should be divided by the order of the appropriate
automorphism group Ay :

Ag| = [Aut(@)]- ] 2e).

ecEdg—Edg,

For example, in the case of the first diagram in Figure 6,

|Ap| =1-(1%.2°.3%) = 864.

2 Blowups of Moduli Spaces of Curves

2.1 Blowups and Subvarieties

In this section we construct blowups of certain moduli spaces of genus-one and genus-zero curves;
see Subsections 2.3 and 2.4. The former appear in Subsection 4.3 as the first factor in the domain
of the proper transforms of the immersion ¢, of Subsection 1.2. The latter play the analogous role
in Subsection 3.4, where we blow up certain moduli spaces of genus-zero maps. In turn, these last
blowups describe the second factor of the domain of maps induced by ¢, in Subsection 4.3; see
Subsection 1.3 for more details.

We begin by introducing convenient terminology and reviewing standard facts from algebraic ge-
ometry. If M is a smooth variety and Z is a smooth subvariety of M, let

NyZ=TM|z/TZ
be the normal bundle of Z in M. We denote by

15 TM|; — Ny Z
the quotient projection map.

Definition 2.1 Let M be a smooth variety.
(1) Smooth subvarieties X and Y of M intersect properly if XNY is a smooth subvariety of
M and

T(XNY)=TX|xny NTY | xny.°

(2) If Z is a smooth subvariety of M, properly intersecting subvarieties X and Y of M intersect
properly relative to Z if

W% (T(XﬂY)’Xnsz) = W% (TX’Xmsz) N W% (TY’Xmsz) C NHZ.

In other words, the scheme-theoretic intersection of X and Y is smooth. If the set-theoretic intersection X NY
is smooth, the second part of this condition is also equivalent to the injectivity of the natural homomorphism

TX|xrny/T(XNY) — TM/TY.
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For example, if X and Y are two smooth curves in a projective space that intersect without being
tangent to each other, then X and Y intersect properly (but not transversally, unless the dimension
of the projective space is 2). If X, Y, and Z are three distinct concurrent lines that lie in a plane,
then they intersect properly pairwise, but X and Y do not intersect properly relative to Z.

Definition 2.2 If M is a smooth variety, a collection {/Vp}pE.A of smooth subvarieties is properly
intersecting if M, and M,, intersect properly relative to M, for all p1,p2, p3 € A.

If Z is a smooth subvariety of M, let
w:BlyuM — M

be the blowup of M along Z. If X is a subvariety of M, we denote by PrzX the proper transform
of X in BlzM, i.e. the closure of 771(X —Z) in BlzM.” The next lemma follows from a local
computation. (The local geometry of a proper intersection is particularly simple.)

Lemma 2.3 Let M be a smooth variety.
(1) If X and Z are properly intersecting subvarieties of M, then PrzX is a smooth subvariety of
BlzM and

Prz X = BlxnzX.

(2) If X, Y, and Z are pairwise properly intersecting subvarieties of M and X and Y intersect
properly relative to Z, then Prz X and PrzY are properly intersecting subvarieties of Prz M and

Prz; X NPrzY = Prz(XﬂY).

(3)If X,Y, Z, and Z' are pairwise properly intersecting subvarieties of M and X and Y intersect
properly relative to Z and Z', then Prz X and PrzY intersect properly relative to PrzZ’.

Corollary 2.4 If M is a smooth variety, {ﬂp}pGA is a properly intersecting collection of subvari-
eties of M, and p€ A, then {Pr/\_/[pMp'}p/EAf{p} s a properly intersecting collection of subvarieties

of Bly; M.

Remark: By our definitions, properly intersecting subvarieties are necessarily smooth subvarieties
of smooth varieties.

2.2 Moduli Spaces of Genus-One and Zero Curves

In this subsection, we describe natural subvarieties of moduli spaces of genus-one and -zero curves
and natural bundle sections over these moduli spaces. These bundle sections and their twisted
versions introduced in the next two subsections are used in Subsections 3.4 and 4.3 to describe
the structure of the proper transforms of ﬁ‘f,k (P™,d). Below we also state the now-standard facts
about these objects that are used in the next two subsections.

"For the purposes of these definitions we do not require that AM and X be smooth.
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Ip={i,is2}

K={1,2,3)
I ={is,i4}
I, ={is,i6}

Is={iz,is, 19}

Figure 7: A typical element of ml,p

If I is a finite set, let
Al ={(Ip Al keK}): K#0; I= | | Ii; || >2VEkeK};
ke{P}UK

Ao(D) = {(Ip.{Ix: k€K}): K#£0; I= | | Ii; k|22 VEkeK; |K|+|Ip|>2}.
ke{P}UK

(2.1)

If p=(Ip,{Ix: k€ K}) is an element of {(I,0)}U.A;(I), we denote by M, , the subset of M ;
consisting of the stable curves C such that

(i) C is a union of a smooth torus and |K| projective lines, indexed by K;

(ii) each line is attached directly to the torus;

(iii) for each k€ K, the marked points on the line corresponding to k are indexed by I.
Let ﬂlﬂp be the closure of M , in ML 7. Figure 7 illustrates this definition, from the points of
view of symplectic topology and of algebraic geometry. In the first diagram, each circle represents
a sphere, or P'. In the second diagram, the irreducible components of C are represented by curves,
and the integer next to each component shows its genus. Similarly, if

p=Ip,{I}: ke K}) € {(I,0)}UAo(I),

let My, , be the subset of Mo,{o}u 7 consisting of the stable curves C such that

(i) the components of C are indexed by the set { P}LIK;

(ii) for each k€ K, the component Cy of C is attached directly to Cp;

(iii) for each k€ K, the marked points on Cy, are indexed by Ij.
We denote by M, the closure of My , in MO,{O}U ;- This definition is illustrated in Figure 8. In
this case, we do not indicate the genus of the irreducible components in the second diagram, as all
of the curves are rational.

The next lemma follows from the fact that for any nodal curve, the deformations of the nodes are
independent. More precisely, in the dual to the first-order deformation space of a nodal curve, the
vectors corresponding to the smoothings of each node are linearly independent.

Lemma 2.5 If g=0,1 and I is a finite set, the collection {'A_/lg,P}pE.Ag(I) 15 properly intersecting.
We define a partial ordering on the sets A, (1) for g=0,1 by setting
p'=Ip, {I},: keK'}) < p=(Ip,{Ix: kEK}) (2.2)

if p’ # p and there exists a map ¢ : K — K’ such that I}, C I;(k) for all k € K. This condition
means that the elements of M,/ can be obtained from the elements of M, by moving more points
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Ip={i}

K={1,2,3}
I ={is, i3}
Io={i4,i5}

I3s={ie, i7, 18}

Figure 8: A typical element of m&p

onto the bubble components or combining the bubble components; see Figure 9. In the g=0 case,
we define the bubble components to be the components not containing the marked point 0.

In the blowup constructions of the next two subsections we will twist certain line bundles over
moduli spaces of curves and homomorphisms between them. In the rest of this subsection we
describe the relevant starting data.

For each i €1, let L; —’ML 1 be the universal tangent line bundle at the marked point labeled i.
Let E — M ; be the Hodge line bundle of holomorphic differentials. The natural pairing of
tangent vectors with cotangent vectors induces a section

S; € F(ML[;HOID(LZ‘,E*)).
Explicitly,
{si((C;uw])}(C.¥]) = Yy w  if
[C]EML[, [C,w]GLi‘c:Txi(c)C, [C,¢]EE|CZHO(C;T*C),
and z;(C) €C is the marked point on C labeled by i.

In the genus-zero case, the line bundle L —>ﬂ0,{0}u 7 will be one of the substitutes for E. We
note that for every p€P!, there is a natural isomorphism between the tangent space TP]P’1 of P! at
p and the space of holomorphic differentials H°(P!; T*P!®O(2p)) on P! that have a pole of order
two at p. More precisely, let w be a meromorphic function on P! such that p is the only zero of w
and this zero is a simple one. We can then view w as a coordinate around p in P!'. Every tangent
vector veT, pIP’l can be written as

Figure 9: Examples of partial ordering (2.2)
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We define the isomorphism

w(V) d
¢ TPt — HY(PL T*P'20O(2p)) by vy = m

w2

If w' is another meromorphic function on P! such that p is the only zero of w’ and this zero is a
simple one, then

w':L = du = pdw

Cw (V) Cw (V) dw' (V) dw
aw+f (aw+3)%’ '

Cp (V) = —F = —

ﬁ w/2 w2

Thus, the isomorphism 1 is well-defined. If 1€ I, we define the section

51 € T(Mogopur: Hom(Li, L3)) by {si(Ciul) }(C.v]) = ], 0w

. o (2.3)
if [C]GMO,{O}ula [C,w]GLZ‘|C:TIi(0)C, [C,U]€L0|C :TxO(C)C'

We note that in both cases the section s; vanishes precisely on the curves for which the point ¢ lies
on a bubble component. In fact,

si'0)= Y M,  where  By(I;i) = {(Ip,{Ip}) € Ay(I): icIp}. (2.4)
pEBy(I3i)

2.3 A Blowup of a Moduli Space of Genus-One Curves
Let I and J be finite sets such that I is nonempty. In this subsection, we construct a blowup
T 1,0y Mgy — Mg

of the moduli space Ml,[uj, |7|+1 line bundles

IE? -Z’L _>M1,(I,J)7 ZEI?
and |I| nowhere vanishing sections
5 € T(My .y Hom(L;, E)), i€l

Since the sections §; do not vanish, all [I|+1 bundles L; and E* are explicitly isomorphic. They
will be denoted by I and called the universal tangent line bundle.

The smooth variety ./T/IJL( 1,7) is obtained by blowing up some of the subvarieties M 1,p, defined
in the previous subsection, and their proper transforms in an order consistent with the partial
ordering <. The line bundle E is the sum of the Hodge line bundle E and all exceptional divisors.
For each given i€ I, L; is the tangent line bundle L; for the marked point i minus some of these
divisors. The section §; is induced from the pairing s; of the previous subsection.

With I and J as above and A,(IUJ) as in (2.1), let

Ag(1,J) = {(IpuJp), {IyUJy: ke K}) e Ag(IUJ): I, #DVEeK}. (2.5)
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We note that if pe A,(IUJ), then pe Ay(I,J) if and only if every bubble component of an element
of M, carries at least one element of I. Furthermore,

By(IUJ;i) C Ag(1,J) Viel. (2.6)
If |[I|4|J| > 2, with respect to the partial ordering < the set A; (I, J) has a unique minimal element:

Pmin = (@7 {IUJ}) .

Let < be an ordering on A;(1,J) extending the partial ordering <. We denote the corresponding
maximal element by pmax. If p€.A1(1,J), we put

(2.7)

po1= max{p’EAl(I,J):p'<p}, ifp?'épminQ
0, ifp:pmina

where the maximum is taken with respect to the ordering <.

We now describe the starting data for the inductive blowup procedure involved in constructing the
space M (7 y) and the line bundle L over My 7 y). Let

—-—0 - —0 —0 N
My 1.0y = Muu, Eo=E— My 1, and M;,=M, VpeA(l,J).
For each i€ 1, let
LO,i =L, — Ml,(I,J) and S0, = S; € F(ML(I,J); HOIH(LO,Z',EO)).

By (2.4), .
s (0) =" > M ..

p*eB (ILT31)

Suppose p€A;i(I,J) and we have constructed

(I1) a blowup mp—1: Mﬁ}”]) —>M(1),(I7J) of M?’(IJ) such that m,_; is an isomorphism outside
of the preimages of the spaces /V? p With P <p—1,;

(12) line bundles L,_1; —>ﬂ'ﬁ}7j) for iel and E,_; Hﬂf}}ﬂ]);

(I3) sections s,_1; EF(HTI}J); Hom(L,-1,,E;_;)) for iel.
For each p*>p—1, let M’f; be the proper transform of ﬂ(l], e in ﬂ'ﬁ} ) We assume that

(I4) the collection {ﬂf; }pre Ay (1,7),p*>p—1 18 properly intersecting;
(I5) for all i €1,

_ —p—1
s,114(0) = Z MY

preB1(1UJsi),p* >p—1

The assumption (I5) means that we will gradually be killing the zero locus of the section s;. We
note that all five assumptions are satisfied if p—1 is replaced by 0.

If p is as above, let
. = ——p—1
To: MY (1.0) — Mi1.0)
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be the blowup of ﬂ’ff(} ) along ﬂ’f:. We denote by ﬂi), , the corresponding exceptional divisor.
If p* > p, let ﬂi = Cmi( LJ) be the proper transform of mf;1 If

p= (IpuJp,{IxUJy: ke K}) (2.8)
and €I, we put
77(*[1 —1.4 1fz€Ip - —_
L,;={ P50 _ ’ E,=7‘E, 1 ® O(M ). 2.9
P {ﬁ-;Lp—l,i®O(_Ml1)’p)7 if ielp; p p ol ( l’p) (29)

*

The section 7 p

5p—1,; induces a section
b

5, € P(M‘f’(m; Hom (L, 7 E5 1))

This section vanishes along /Vi p» by the inductive assumption (I5) if i¢ Ip. Thus, 5,; induces a

section B
Spi € F(./\/li(f’(]); Hom(Lpﬁi,E;)).

We have now described the inductive step of the procedure. It is immediate that the requirements
(I1)-(I3) and (I5) are satisfied, with p—1 replaced by p, are satisfied. Corollary 2.4 and the as-
sumption (/4) imply that the assumption (/4) with p—1 replaced by p is also satisfied.

We conclude the blowup construction after the ppmax step. Let
Ml,(I,J) = MT,H(RILTJ)’ INE =E Z/Z = meaxﬂ', S; = S prmaxyi Viel.

By (I5), with p—1 replaced by pmax, and (2.6), the section §; does not vanish. We note that by (I1),
the stratum o
M, € My

consisting of the smooth curves is a Zariski open subset of /Wi)’(LJ) for all pe {0}UA (L, J).

By the next lemma, different extensions of the partial order < to an order < on A1 (I, J) correspond
to blowing up along disjoint subvarieties in different orders. Thus, the end result of the above
blowup construction is well-defined, i.e. independent of the choice of the ordering < extending the
partial ordering <.

Lemma 2.6 Suppose p,p' € A1(I,J) are such that pAp" and p' £ p. If p#£p’, then the spaces M’f,p

and Mip’ are disjoint for some p=<p,p'.
Proof: (1) Suppose
p=(IpuJp,{IyUJy: keK}) and  p' = (IpUJp,{IUJ;: kEK'}).
For each k€ K and k'€ K', let
pr = ((I=Tp)U(J=Jp), {IxUJy}) € Ai(I,J)  and
P = (I=T)U(T = Tp) T U3} ) € Au(T, ).
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e 70 —0 . .50 -
By definition, M; , and Ml,pﬁc, are divisors in My ; =M 11/,

——0 ——0 ——0 ——0
My, =My, and M, =[] M, .
keK k'eK’
Furthermore, if ﬂ? r ﬂﬂ? o, #(, then either
IyUJy C I UL, or IUJg D I UL, or (IeUJg) N (I, UJ7) = 0.

(2) Suppose M(i pﬂﬂ(i p #(). By the above, there exist decompositions

K=K,uFKyu | |k, and K =K,uKju ||K
UVeK!, leK 4

and a bijection ¢: Ko — K{, such that

I UJ, C Il’/qu’/ VkeKy, leK/, LuJg 2 IIIC/HJ]/C/ VkiIEKl,, le Ky,

We note that the subsets Ky and K, of K and K’ are nonempty. For example, if K were empty,
then we would have p’ < p, contrary to our assumptions. Let

p= (fpl_ljp,{fkl_ljki kEKol_lK+|JKf|_}) e Ai(1,J)
be given by

I Uy, if ke KoUK,

IpUJp = (IpNnIp) U (JpNJs),  I;UJ, =
P P (P P) (P P) k k {I];UJ];, if/{EKfi_.

For example, if p corresponds to the second diagram on the right side of Figure 9 and p’ corresponds
to either the first or the third diagram on the right side, then p corresponds to the diagram on the
left side of Figure 9. By definition, p< p, p’. Furthermore,

—0 -0 ——0
MLPHMLP/ C Mlvﬁ'
Thus, by Lemma 2.5, Corollary 2.4, and (2) of Lemma 2.3,
M, My © M (1)
is the closure of the empty set.

2.4 A Blowup of a Moduli Space of Genus-Zero Curves

Suppose X is a nonempty finite set and o= (I}, J;);ex is a tuple of finite sets such that I; # () and
|I;|+|J;| > 2 for all [€N. Let

_ _ . _
Moo =[[Mojopunus, —and  Fy=EP Lo — Mo,
len len
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where L —>MO,{0}U 1,1, is the universal tangent line bundle for the marked point 0 and
Tt mo,g B MO,{O}uIlqu
is the projection map. In this subsection, we construct a blowup
T0,0° Mo,g — PF,
of the projective bundle PF, over My ,. We also construct line bundles
E, Ly — Moo, iel;, LEXR,
and nowhere vanishing sections
50 € D(Mog; Hom(L( ., EY)), i€l leX.

In particular, all line bundles ‘Z’(l,i) and E* are explicitly isomorphic. They will be denoted by L
and called the universal tangent line bundle.

Similarly to the previous subsection, the smooth variety ./T/IJ(),Q is obtained by blowing up the
subvarieties My , defined below and their proper transforms in an order consistent with a natural
partial ordering <. The line bundle E is the sum of the tautological line bundle

Yo — PF,

and all exceptional divisors. For every [€R and i€ [}, L ;) is 7 L; minus some of these divisors.
The section $(; ;) is induced from the pairings s; of Subsection 2.2.

With o as above and Ay (I;, J;) as in (2.5), let
Ao(0) = { (R4, (m)iex) : Ry CR, Ry £0; pre {(LUJ}, 0)}UAG (I, Jy) VIER;
pr=(LUJ,0) VIER=R; (Ry, (pr)ien) # (R, (LLUT;, 0)ien) }-

We define a partial ordering on Ay(g) by setting

p'=, (Miex) < p= Ry, (p1)iex) (2.11)

if p'#p, R CN,, and for every 1 €N either p;=p;, p;<pi, or p;=([;UJ;,0). Let < be an ordering
on Ap(p) extending the partial ordering <. We denote the corresponding minimal and maximal
elements of Ag(0) by pmin and pmax, respectively. If p€ Ag(p), we define

p—1e {0V A (o)

(2.10)

as in (2.7).
If pe Ap(o) is as in (2.11), let
mO,p:HMO,pn by = @”TLO‘MOWCFQ

len len+
and MY ,=PF, C M} ,=PF,.
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N={1,2,3} N={1,2,3}
+ | UJ,| =2 - | UJy | =2
\LUJo| =|I5UJ5] =3 LU =|I5UJ5) =3
- Ry ={1,2,3} - Ry ={2,3)
p1=L1UJ1,0) p1=(IUJ1,0)
+ pQZ(Igl_lJQ,(Z)) + pg#(IQUJQ,Q)
p3:(13|_|J3,®) /)3:([3|_|J3,®)

Figure 10: Typical elements of ./T/IJ& o and ./T/IJ& o

The spaces ./T/IJ& o and M& , can be represented by diagrams as in Figure 10. The trees of circles
attached to the vertical lines correspond to the tuples p;, with conventions as in the first, symplectic-
topology, diagram in Figure 8. For each such tree, the marked point 0 is the point on the line. We
indicate the elements of X C N with plus signs next to these points. Note that by (2.10), every dot
on a vertical line for which the corresponding tree of circles contains more than one circle must be
labeled with a plus sign. From Lemma 2.5, we immediately obtain

Lemma 2.7 Suppose X is a nonempty finite set and o= (I}, J;)1ex is a tuple of finite sets such that
Ii#0 and |I)|+|J;| > 2 for all LeX. If Ay(o) is as above, the collection {Mg,p}pGAo(g) is properly
intersecting.

We now describe the starting data for the sequential blowup construction of this subsection. Let
Eo=7, — M{,=PF, and Lo =m4,m L — M}, Viel, leX.

We take -
So,1,1) € D(MJ ,;Hom(Lg .4, Ef))

to be the section induced by 7§ ,m's;, with s; defined by (2.3). It follows immediately from (2.4)
that

807_(1172.)(0): Z Mg’p*, where
p*E€Bo(g;l,1)

Bo(o;l,i) = {(N+7 (pr)rex) € Ao(0): Ry =R—{I} and py = (IyUJy,0) VI'eR, or

Ny =N, p€Bo(LUJi), pu=(IyLUJy,0) WeN—{l}}.

The rest of the construction proceeds as in Subsection 2.3. The analogue of (2.9) now is

L 1 1, if I ERy or pr# (LU, 0), i €1 p;
Loy =95, "0 =0 N ( ) (2.12)
ToLp 1,04 ® O(=Mg ), otherwise;
E, =73 E, 19 O0(M] ). (2.13)

As before, we take

Moo= Mgu=;  E=E

Pmax !

I:(lﬂ') = L,Omax,(l,i) and g(l,i) = S,Omax,(l,i) A iGIl, len.

31



The analogue of the inductive assumption (/5) insures that each section 3(; ;) does not vanish. The
statement and the proof of Lemma 2.6 remain valid in the present setting, with only minor changes.
Thus, the end result of the above blowup construction is again well-defined, i.e. independent of the
choice of the ordering < extending the partial ordering <.

3 A Blowup of a Moduli Space of Genus-Zero Maps

3.1 Blowups and Immersions

In this section we construct blowups of certain moduli spaces of genus-zero maps; see Subsec-
tions 3.3 and 3.4. As outlined in Subsection 1.3, these blowups appear in Subsection 4.3 as the
second factor in the domain of the immersions induced by the immersions ¢, of Subsection 1.2.

As in Section 2, we begin by introducing convenient terminology and reviewing standard facts from
algebraic geometry. If 90 is a variety, we denote its Zariski tangent space and its tangent cone by
TN and TCOM, respectively. If X is a smooth variety (but not necessarily equidimensional), we
recall that a morphism ¢y : X — 901 is an immersion if the differential of ¢ x,

dix:TX — 15 TCO,
is injective at every point of X. Let
Im® .y = {peM: [t (p)|>2} and N, = (XxTCM/Imdex
be the singular locus of :x and the normal cone of ty in M, respectively. We denote by
7TLLX X TCM — Ny
the projection map. If Z is a subvariety of 901, let
Ly 2 — M
the inclusion map.

Definition 3.1 Let M be a variety.
(1) An immersion v1x : X — 9 is properly self-intersecting if for all x1,x9 € X such that
tx (x1)=1tx(x2) and sufficiently small neighborhoods Uy of x1 and Uy of xo in X

TCLX(II)(Lx(Ul)ﬁLx(UQ)) =Imdix|,, NImdix|., CTC, )ﬁ. 8

x (x1

(2) If tx: X — M and 1y : Y —IN are immersions such that vx is properly self-intersecting, L x
is properly self-intersecting relative to ty if for all z1,20€ X and y€Y such that

vx (w1) = tx(w2) = 1y (y)
and for all sufficiently small neighborhoods Uy of x1 and Us of xo in X,

Ty |y (TCoy () (1x (U Nex (Un))) = my | Imdix[ey Oy | Imdex|ey © Ny |,

8We emphasize that intersections are taken to be set-theoretic intersections unless otherwise noted.

32



This definition generalizes Definition 2.1; see the paragraph following the latter for some examples.

Definition 3.2 If 9 is a variety, a collection {to: Xp — ﬁ}gGA of immersions is properly
self-intersecting if for all py,p2,p3 € A the immersion v, Ui, is properly self-intersecting
relative to tp,.

The next lemma follows from a local computation. (The local geometry of a proper self-intersection
is particularly simple.)

Lemma 3.3 Suppose M is a variety and Z is a smooth subvariety of M.
(1) If tx : X — O is an immersion such that the immersion 1x Uiy : XUZ — M is properly
self-intersecting, then vx lifts to an immersion

Pryux: BIL)—(I(Z)X — Bl;Mm s.t. ImPrzix =PrzImey.

(2) If in addition vx is properly self-intersecting relative to vz, then Pryzix is properly self-
intersecting and
Im®Przix = PrzIm® ux.

(3) If in addition vy : Y — 9 is an immersion such that 1x U vy Uiy is properly self-intersecting
and vx 1s properly self-intersecting relative to vy, then Pryzix is properly self-intersecting relative
to Prziy. Furthermore,

{PrZLX }_1 (PrZIm Ly) = PrL;(Z)L;(l (Im ey).

Remark: Since we always require that the blowup locus be smooth, an implicit conclusion of (1) of
Lemma 3.3 is that L)_(I(Z ) is a smooth subvariety of X; this is immediate from the local situation.
Note that X itself is smooth, as it is the domain of the immersion ¢ x.

Corollary 3.4 If 9 is a variety, {to: X, —>ﬁ}g€A is a properly self-intersecting collection of
immersions, and o € A is such that v, is an embedding, then {PrImLQLg/}Q,GA,{Q} s a properly
self-intersecting collection of immersions into Bllm%ﬁ.

Like Lemma 3.3, the next lemma follows from a local computation, using the simple geometry of
a proper self-intersection.

Lemma 3.5 Suppose M is a smooth variety, Z is a smooth subvariety of M, 1x: X — I is an
immersion such that the immersion tx Uty is properly self-intersecting. Let

L)_(I(Z) = |_| Z,

oeA

be the decomposition of L)_(I(Z ) into path components. If there exist a splitting

Ny=PLi —X

i€l
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and a subset I, of I for each o€ A such that

ox|3,TZ)TZy = P Lilz, VoA, (3.1)
iel—1,
then
Noyix =D (7L 2 Q O(-E,)),
icl icl,

where E, is the component of the exceptional divisor for the blowup : BlL;(l(Z)X — X that projects
onto Z,.

We note that by (1) of Definition 3.1, the homomorphism
vx|7,TZ|TZy — Ny =X T /Tmdex

induced by the inclusions is injective. Thus, we can identify ¢ x]| }QTZ /T Z, with a subbundle
of N,,, as we have done in Lemma 3.5.

3.2 Moduli Spaces of Genus-Zero Maps

In this subsection, we describe natural subvarieties of the moduli space of genus-zero maps and a
natural bundle section over them. This bundle section induces other bundle sections, introduced
in the next two subsections, that are used in the blowup construction of Subsection 4.3 to describe
the structure of the proper transforms of ﬁ‘f,k (P™,d); see Subsection 1.3 for more details. Below
we also state two well-known facts in the Gromov-Witten theory, Lemmas 3.6 and 3.7, and a more
recent result, Lemma 3.8.

If deZ™ and J is a finite set, let

Ao(d, J) = {(m; Jp,Jg): meZ*, m<d; J=JpUJg, m+|Jp|>2}; (3.2)
Mo, (0,) (P, d) = Mo 103015 (P, d).

If 0= (m;Jp,JB) is an element of Ay(d,J), let My ,(P",d) be the subset of ﬁo’{o}u(](]?n7d) con-
sisting of the stable maps [X, u| such that

(i) the components of ¥ are ¥; =P! with i€ {P}uU[m];

(ii) u|y, is constant and the marked points on X p are indexed by the set {0}UJp;

(iii) for each i€ [m], 3; is attached to ¥ p and uly, is not constant.
We denote by My, (P",d) the closure of My, (P, d) in ﬁo,{o}u,](]?na d). Figure 11 illustrates this
definition, from the points of view of symplectic topology and of algebraic geometry. In the first
diagram, each disk represents a sphere, and we shade the components on which the map w is non-
constant. In the second diagram, the irreducible components of . are represented by lines, and
the integer next to each component shows the degree of u on that component. In both cases, we
indicate the marked points lying on the component ¥ p only.

We define a partial ordering on the set Ag(d, J) by setting

o'=(m';Jp,Jg) < o=(m;Jp,Jp) if o'#o, m'<m, JpCJp. (3.3)
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jl dl
m=3, Jp={j1}
dg d17d27d3>0
di+da+ds=d

Figure 11: A typical element of M ,(P",d)

Similarly to Subsection 2.2, this condition means that the elements of 9%, . (P", d) can be obtained
from the elements of My ,(P", d) by moving more points onto the bubble components or combining
the bubble components; see Figure 12. As in the g=0 case of Subsection 2.2, the bubble components
are the components not containing the marked point 0.

Lemma 3.6 If o1,00€ A¢(d,J), 01#02 01A02, and o3 A01, then
ﬁo,al (Pn’ d) N ﬁO,crz (Pna d) C ﬁo,&(al,ag) (an d)7
where o(01,092) = max {U'E.Ao(d, J): o' <o, 02}.

If 5(01,09) is not defined, Mo 5, (P™,d) and Mo 5, (P",d) are disjoint.

For example, if o1 and oy correspond to the two diagrams on the right side of Figure 12, then
7(01,09) corresponds to the diagram on the left side of Figure 12. Lemma 3.6 is immediate from
the definition of the topology on ﬁo,{o}u J(P™ d). It can also be easily deduced from [P, Sub-
sect. 3.2] by an argument similar to the proof of Lemma 2.6.

If c=(m;Jp,Jp) is an element of Ay(d, J), let

M, p(P",d) C H |_| ﬁo,{o}uJi (P™, d;) and

ze[m] d;>0,J;CJp

T - ﬁcr;B(IPm’ d) — |_| ﬁo,{o}uji (P",d;), i€ [m]’
d;>0,J,CJp

Figure 12: Examples of partial ordering (3.3)
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be as in Subsection 1.2. Since each of the spaces ﬁo,{o}u J;(P",d;) is smooth and each of the
evaluation maps o
evp: mo’{o}uji (Pn, dz) — P

is a submersion, the space M. 5(P", d) is smooth. We denote by
lo mo,{O}u[m]qu Xﬁa;B(Pna d) - ﬁO,U (an d) - ﬁ0,{0}|_IJ(]va d) (34)
the natural node-identifying map. It descends to an immersion
to - (Mo (orupmiuge X Mo,z (P, d)) /S — Mg g0y (P, d).
Let o o o o
mp, 75 Mo oyuimiuse X Mes(P", d) — Mo oyuimiuge» Mo;s(P", d)
be the natural projection maps.

Lemma 3.7 If d € Z" and J is a finite set, the collections {1s} e ao(d,.s)y 004 {To}oeao(d,r) Of
immersions are properly self-intersecting. If o € Ag(d, J) is as in (3.3),

Im® 7, C U My o (P, d) and N, = GB mpLi @} Lo.
o' <o i€[m)]
If in addition o' € Ap(d, J), o' <o, and o' is as in (53.3), then
Lgl(ﬁoﬁl(]}””,d)) = ( U ﬂo,p) x My.5(P", d), where
pEA(o;07)
Ao(o;0") = {p=(IpUJp, { L)L Jx: ke K}) € Ao([m], Jp): |K|+|Ip|=m'}

and Ao([m], Jp) and My, are as in Subsection 2.2. Finally, if p€ Ao(o;0") is as above,

Ty (P",d) | T(Mo,, xMp (P, d) = @ hLiemim Lo.

iE[m]—Ip

*
lo |mo,p Xﬁa;B(Pn,d)

The first claim in the second sentence and the claim of the third sentence in Lemma 3.7 follow
immediately from the definition of the topology on 9, (oyus(P", d). The remaining claims are also
restatements of standard facts in GW-theory; they all follow from the description of the tangent
bundle of ﬁ()’{o}uj(]?n,d) in [MirSym, (27.6)].

We finish this subsection by describing a natural bundle section
Dy € (Mg o3y (P", d), Hom (Lo; evy TP"))

which plays a central role in the rest of the paper. An element [b] € ﬁo,{o}u J(P™ d) consists of a
prestable nodal curve ¥ with marked points and a map u: X — P™. One of the marked points is
labeled by 0. We denote it by x¢(b). We define Dy by

DO‘b = du]xo(b) . Txo(b)Z —_— Tevo(b)Pn'

If M—>ﬁ07{0}u J(P™ d) is the universal curve and ev: {—P" is the natural evaluation map, then
Dy |p is simply the restriction of dev|,, ) to the vertical tangent bundle of 4. The bundle section Dy
vanishes identically along the subvarieties My , (P, d) with o €.4o(d, J).
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Lemma 3.8 If d € Z" and J is a finite set, the section Dy is transverse to the zero set on the
complement of the subvarieties Mo »(P", d) with o€ Ag(d, J). Furthermore, for every

o=(m;Jp,Jp) € Ao(d, J),
the differential of Dy,
VDy: N,, — ¢ Hom(Lg,eviTP") = mpLi@mpevyTP",
in the normal direction to the immersion L, is given by

VD

ok * % .
ro LimymrLy = TPSiOTET Do Viem],

where s; is the homomorphism defined in Subsection 2.2.

The first claim of the lemma is an immediate consequence of the fact that
H' (30 TP"®0(—22)) = {0}

for every genus-zero stable map (X, u) and a smooth point z € ¥ such that the restriction of u to
the irreducible component of ¥ containing z is not constant. The second statement of the lemma
follows from Theorem 2.8 in [Z1].

3.3 Initial Data

If X and J are finite sets and d is positive integer, let
Mo, v,y (P, d) = {(bz iex € [ [ Mo qoyus P, di): dieZt, D di=d; | | Ji=
leX leX ler
evo(by) =evo(br) W,l’eN};

Mo, v,y (P, d) = {(bz iex € [ [ Mooy (P, d): di€Zb, Y dy=d; | | Ji=
= = =

evo (b)) =evo(by) W,l’eN},

where Mg (03115, (P", i) is the subset of ﬁo,{o}u J, (P, d;) consisting of stable maps with smooth
domains. For each [ €N, let

™ Mo v,y (P, d) — |_| Mo 10300, (P, dy)
d;>0,J;,CJ

5 =P i Lo,

len

be the projection map. We put

where L —>ﬁ07 (oyus, (P™, dp) is the universal tangent line bundle for the marked point 0. In the
next subsection, we construct a blowup

To,(8,7) : ﬁo,(N,J) (P, d) — PFux
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of the projective bundle PFy j) over ﬁO,(N, 7 (P",d) and a line bundle
E — Mo x,y(P", d).
We also describe a natural bundle section
Dy € T'(Mo 0,y (P", d); B* @75 w1y Mo, V0 TP"),
where

TeFu, syt PEr,7) — Do vy (P", d)

is the bundle projection map. This section is transverse to the zero set.

Similarly to Subsection 2.4, the smooth variety ﬁo,(N, 7 (P",d) is obtained by blowing up the

subvarieties 53787 Q( " d) defined below and their proper transforms in an order consistent with a

natural partial ordering <. The line bundle E is the sum of the tautological line bundle
Yo — PR

and all exceptional divisors. The section ZS(N, 7) is induced from the sections m; Dy, with [ €R, where
Dy is as in Subsection 3.2.

If X, J, and d are as above, let
Ao(R;d, J) = {((Ul)zeN,JB)i (01,0)€{(0,0)} Ao (di, Ji.p), (01)1en7 (0)ien;

Zdl:d, J=JpU I_I Jl,P}'

leX len

We define a partial ordering < on Ay(X;d, J) by setting

o'=((0))ien, Jp) < 0= ((01)1en, JB) (3.5)

if o' # ¢ and for every 1€ R either o) =0y, (0],0) < (07,0), or 0;=0. If p€ Ap(R;d, J) is as in (3.5),
we put

Np(0) = {leN: 0;#40} and Ng(0) = {l€N: 0;=0}.

Here P and S stand for the subsets of principal and secondary elements of N, respectively; see the
next paragraph. Note that

/

<0 = RNp(o) cRp(p), Np(o) 0D VoeAy(N;d,J), and

0= ((ms; Ji.p)iexp (o) (0)iens (o) JB) (3.6)
for some m; and J; p. Choose an ordering < on Ay(X;d, J) extending the partial ordering <. We
denote the corresponding minimal and maximal element by omin and omax, respectively. For every
0€ Ap(R;d, J), define
o—1e€{0}uAy(N;d, J)

as in (2.7).
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If o€ Ap(X;d, J) is as in (3.5), let

Mho,o(F",d) = {(bl)l@ € [ Doo1,) ®" ) Y _d=di | | Jip=1p:
len len lex

evo(by ) =evo(by,) Vi1, s € N} C Mo, 0. (P, d).

With e=P, S, we define
Fg;. = @ 7Tl LO‘%!Q(Pn,d) C F(N,J) ‘%’Q(Pn,d)
1eN4 (0)

Let
mg,g(Pn? d) = PFQ;P - mg,(N,J) (]Pm, d) EPF(N”]).

From Lemma 3.6, we immediately obtain
Lemma 3.9 If 01,00 € Ag(R;d, J), 017 02 01 A02, and 02 A 01, then

Smg,gl (P",d) N 93?8792 (P",d) C m8,§(91792)(]?n7 d),

where (01, 02) = max {¢' € Ag(N;d, J): o' <01, 02}
If 0(01, 02) is not defined, ﬁ&m (P™,d) and ﬁg,m (P, d) are disjoint.
With g as (3.6), let

o = ([mul, Jp)jenip RB(0) :NS(Q)L'l }|t_|([7)nz]a Js(o) =Jp, and G, :l y(s)mz
EXNp(po exXplo

With /\78@ as in Subsection 2.4, we denote by
L0,0+ Mg,@p X ﬁ0,(NB(@)7JB(@))(]Pm7al) - DJTg’g(P”,d) C s“mg,(N,J) (P", d)

the natural node-identifying map induced by the immersions ¢(4, 7, ,) in (3.4). It descends to an
immersion

007 (M0 X M0, 0250152 (B D) /Go — TG () (P, ).

Let
TP, B M o X Mo 85 ()5 (0)) (B d) — MG gs Mo, (85(0),5(0)) (P )

be the projection maps.

For the rest of this section, as well as for Section 4, we take

Mo,y = Mo, e,y (P ), Mo, e,y = Mo, e,y (P ), MY gy = MY 0y (P d) ¥ (R,T);
My, =M ,(P",d) Vo€ Ao(R;d, ]).
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Lemma 3.10 If X and J are finite sets and d€Z™, the collections

{t0.0}octoriasy  and  {t0,0}oeto(a,)
of immersions are properly self-intersecting. If
0 = ((m]; I pliexp (00)» (0)iexg (00), JB) € Ao(N;d, J),
then

Im® g o+ C U 9)?879, and

o' <o*

-/\/‘LO,Q* = @ @W}FDLO,(l,i)@WEWE},i)LO ® mpEs® 7p @Wl*LO’
1ERp(0*) i€[m]] leXs(0*)

where Bo and Ly ;) are as in Subsections 2.4. If o, 0" € Ao(N;d, J), 0 is as (3.6), and 0= 0", then

LOTQ}‘ (ﬁ879) = ( U M87p> X ﬁov(NB(g*)vJB(g*))’
pEAo(2*;0)

where
.Ao(g*; Q) = {p: (Np(g), (I;:PIJJLP, {Il’tkl_l,][fk: kEKl*})leNp(g*)) E.A()(Q*p):

[KF |+ |1 p| =my YIENR (o)}

and Ag(op) and ./\784) are as in Subsection 2.4. Finally, if p€ Ao(0*;0) is as above,

* T 1 40 a
P - M, /T MO XDy 1oy I (o
0,0 Mg,pXEUIO,(NB(g*),JB(Q*)) 0,0 ( 0,p 0,(Rp(0*),JB (0 )))

= @D D rluwa@mmiale © O DrpLowy@mEm() Lo
1ERp (0%)—Rp (o) i€[m}] IeRp (o) i€mi]-1ip

The normal bundle MO o for the immersion ¢ o+ splits into horizontal and vertical bundles:
_ 1 T
MO,Q* - MO,Q* @ MO,Q* ‘

It is immediate from the definitions that

Nig o = g (Vi @ Fos) = TpEG@ w5 €D i Lo.
leRg(e*)

is the pullback of the normal bundle for the node identifying

*

The horizontal normal bundle AV-
,Q
immersion

Moz, X Mo (x5 (0),75(07)) — Moo= (P, d) C Mo n, 1)

induced by the immersions ¢(o» s+ ) in (3.4) by the bundle projection map mpp, . The normal
bundle for this immersion is the sum of component-wise normal bundles given by Lemma 3.7. The
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remaining claims of Lemma 3.10 follow easily from the corresponding statements of Lemma 3.7
as well.

We note that for every o* € Ap(X;d, J),

Aolep) = | | Aole™;0)-

0=<po*

Furthermore, if g1, 02 € Ao(X;d, J) are such that o1, g2 < 0*, then

p1€Ao(0";01), p3€Ao(e;02), p1=p3 = 01 < 02.

Thus, we can choose an ordering < on Ag(g}) extending the partial ordering < of Subsection 2.4
such that

01<02, pi€Ao(0™501), pr€Ao(o”;02) == p1<p3,

whenever o1, 02 € Ap(R;d, J) are such that g1, 02 < 0*. In the next subsection, we will refer to the
blowup construction of Subsection 2.4 corresponding to such an ordering.

Via the projection maps m;, the bundle sections Dy of Subsection 3.2 induce a linear bundle map
D(N,J) : F(N,J) — GVSTPn
over ﬁo,(& 7)- In turn, this homomorphism induces a bundle section
Do € T (Mg 0 713 E6 @b, Vo TP"),  where Eo =y.5) — Mo . g)-

This section vanishes identically on the subvarieties ﬁ& o of Z)Aﬁg R7) with pe A5(R; d, J).

Lemma 3.11 The section 50 is transverse to the zero set on the complement of the subvarieties
93?879* with 0* € Ag(N;d, J). Furthermore, for every o* € Ag(X;d,J) as in Lemma 3.10, the differ-

ential of 150,
VDy: N, oo Lo (ES@W{EF(N J)eVST]P’") = npEy@mpevyTP",

in the normal direction to the immersion g o+ 1s given by

VDO W}LO’(lyi)(gw*Bw’(*l‘i)Lo = W}SO,(Z,Z')(@W*BWE}J)DO V ZG [m?], ZENP(Q*)7
and VDo|\r = W}id®W*BD(NB(Q*)7JB(Q*))’
LO,Q*

where sq 1 ;) is the homomorphism defined in Subsection 2.4.

This lemma follows immediately from Lemma 3.8.
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3.4 Inductive Construction

We are now ready to describe the inductive assumptions for our construction of the blowup
mo,007) F MG ey = Mo, o0,) (P, d) — MG 0y =g ) (", ).

Suppose o€ Ag(X;d, J) and We have constructed
(I1) a blowup mp—1 : zm (N N ZUIO (x,) such that m,_y is an isomorphism outside of the

preimage of the spaces 90 o With g’ <o—1;
(12) a line bunii/le Eo—1 —>9ﬁ0 (N J);
(I3) a section D,_; € F(£m9 (1 ) E po 1@ 17T]P>F(N J)eVOT]P’”)

For each 0" >p—1, let
ano—1 ano—1
i)ﬁo Q* = My, (]P’” d) C imo,(w)
be the proper transform of ﬁg’ o+ 1N iUIg?N ) We assume that

(14) the section 25971 is transverse to the zero set on the complement of the subvarieties ﬁg;ﬁ
with ¢* >p—1 and vanishes identically along these subvarieties;
(I5) if 01, 02 € Ap(R;d, J) are such that o1 # 02, 01 A 02, 02401, and o—1< g1, 02, then

1 e~
Dﬁg ,0(01,02)° if 0(01,02)>0—1;

0, otherwise,

mo 91 f)ﬁo ,02 {:
where 0(p1, 02) is as in Lemma 3.10.

We also assume that for all o* € Ay(R;d, J) such that o* > o—1:
(16) the domain of the G ,+-invariant immersion ¢,_1 - induced by ¢g o+ is

TP (0—1) &5
MO,Q} X imo,(NB(g*),JB(Q*)), where

if 30’ € Ag(R; d, J)

* . /: /< _ / *
max {p€ Ao(¢"s0): ' o-1,0'<0"}, ¥ o' <o—-1,0'<0%

por(0—1) =
0, otherwise;

(I7) if o' € Ag(X;d, J) is such that o—1< o’ < p*, then

@D 77
g (M) = ( U Me ) X Mo, (85 (0%), 5 (0"))’
peAo(e*;0")

s+ o1
(I8) Im® 51,0+ C Uy 1<y <o+ My, » Where

o) o e
ot (MGG X0 ()0 ) [ G — TGy

0,0p

is the immersion map induced by ¢,_1 o+

Furthermore, we assume that
(19) the collections {typ—1,p }o* e dg(Rid, 1) 0% >0—1 AN {Tp—1,0* } o—1€Ag(Rid,J),0%>0—1 Of immersions
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are properly self-intersecting.

Finally, for all o* € Ap(R;d, J) such that o* > o—1:
(110) o Eo—1=mpE,,.(o-1), where

o—1,0*
.M’pg*(gfl) 0 Mpg*(gfl) T
TP, TB: 07Q*P X Ov(NB(Q*)v‘]B(Q*)) - O,,Q*P ’ Ov(NB(Q*)vJB(Q*))

are the two projection maps;
(I11) if p* is as in Lemma 3.10, then the normal bundle for the immersion ¢,_1 o+ is given by

_ 1 T
'N’LQ*LQ* - 'N’Le—l,g* @'N’Le—l,g*
= P DriLo, o 1.0097Bm Lo & THE, (,_n©mh i Lo,
1eRp(0*) i€[m]] leXs(0%)

where LPQ*(Qfl)y(l,i)vEpg* (0-1) —>./K/IVPQ**(971) are the line bundles constructed in Subsection 2.4;

~ yO0p
(112) the differential of D,_1,

N . * * * * * n\ _ ok k * * n
VDy 1: Ny, e — Lo—1,0r (E971®7Tg717TPF(N!J)eVOT]P’ )= TP, (1) ®TReveTP",

in the normal direction to the immersion ¢,_1 ,+ is given by

N % * ok . * *
VDo T Lp e (0-1), (00 ETET Lo WPSPQ*(Q—U,(M)®7TB7T(lﬂ')DO vielmy], leRp(e")
and  VDpoi|yr = mpid®TEDg (o4),/5(0);
Yo—1,0*
where s por (0—1),(1,1) is the homomorphism defined in Subsection 2.4.

By the inductive assumption (I4), the loci on which the sections 259 fail to be transverse to the
zero set shrink and eventually disappear. For each o, the behavior of 259 in the directions normal
to the “bad” locus is described by (/12). By the inductive assumption (I5), if ¢; and g2 are non-
comparable elements of (Ay(X;d, J), <), the proper transforms of 53787 o, and 53787 0, Decome disjoint
by the time either is ready to be blown up for any ordering < extending the partial ordering <.
Similarly to Subsections 2.3 and 2.4, (I5) will imply that the end result of the present blowup
construction is independent of the choice of an extension <. By (I6), our blowup construction
modifies each immersion ¢y s+ by changing the first factor of the domain according to the blowup
construction of Subsection 2.4, until a proper transform of the image of ¢g ,+ is to be blown up; see
below. By (I8), by the time this happens the immersion 7 o+ induced by ¢+ transforms into an
embedding. Thus, all blowup loci are smooth.

We note that all of the assumptions (I1)-(112) are satisfied if p—1 is replaced by 0. In particular,
(I5) is a restatement of Lemma 3.9, while (I4) and (I12) are the two parts of Lemma 3.11. The
statements (I7)-(I11), with p—1 replaced by 0, are contained in Lemma 3.10.

If o€ Ap(X;d, J) is as above, let

Tor MG ) 0,(R,.)

43



be the blowup of 5?8_& 7 along 5287_91, which is a smooth subvariety by the inductive assump-

tion (I8). We denote the exceptional divisor for this blowup by 5287 If o* > p, let smo o CDJ?O )

be the proper transform of smo o+ We put
E, = 7iEy1 ® O(MS ). (3.7)

The section ﬁ;ﬁg_l vanishes identically along the divisor ﬁa o~ Thus, it induces a section

ano LTk * % * n
D, € F(m(NJ),EQ®7TQ7TPF(R‘J)GVOT]P) )
where 7, = m,_10 7.

The inductive assumptions (I1)-(13), with p—1 replaced by p, are clearly satisfied, while (I5), (I8),
and (19) follow from (2) of Lemma 3.3 and Corollary 3.4. On the other hand, by (16), the domain
of the immersion ¢,_1,, is

o 1 o Vi o
MY X Mo, 1200 T0) = Moo X Do, (x(0). ()

where ./T/IJ(),QP —>./\787 op 18 the blowup constructed in Subsection 2.4. By (I11), the normal bundle
for the immersion ¢,_1 , is given by

Npio= B D pLoye1.00 @757 0Lo © TpE} (, 1 @75 D7 Lo

1eEXp(p) iG[ml] leRs(0)
= P P rrlenpr) Lo ® plenk @ Lo
ZENP(Q) iG[ml] ZGNS(Q)

= pL @ TEE N, (0),75(0))>

where L. — /T/lJo’gP
note that by (/10),

is the universal tangent line bundle constructed in Subsection 2.4. We also

*

LQ—LQ(E;—l ®7T])I’;F(}z”]) eVE’;T]P)n) = 7T]*3]L, ® W*BWI?;F(NB(Q),JB(Q))eVE’;T]P)n'
By (112), the differential of ﬁg_l in the normal direction to the immersion ¢,_1,, is given by

VD, 1 = mpid @ TEDx(0),75(0)-

Thus, if . . . .
lo,o* EDM@—L@ ~ Mo,op X img,(NP(@)JB(@)) - 931879 = s“mg,(NJ)

is the immersion induced by ¢,-1,, then
L;QDQ:TF*BDO S F(Mong XW&(NP( ),J5 (0 )), o, Q(E*®7T 7T]P>F(R J)eVOT]P’”))
_ AA a0 *
= T(Mo.gr XD 0050)75(21)3 ™5 (W (0075 (0) © TRy 1 SO L E )

Lemmas 3.10 and 3.11 thus imply that the restriction of the section D to the exceptional divisor
Dﬁg o 1s transverse to the zero set away from the subvarieties zmo 0" with o* > ¢. Thus, by the

44



inductive assumption (I4) as stated above, (I4) is satisfied with p—1 replaced by g.

We now verify that the remaining inductive assumptions are satisfied. If o< p*, but 94 o*,
<=0—1 <501
po-(0) = por(0=1)  and MG, NG, =0,
by definition and by (I5), respectively. It then follows that
Lot = lo-1gr TG LOME =M Mg Vo' >0,
poBe=13 1 pBe1, N, . =N, . and VD,=VD, .

Thus, the inductive assumptions (16), (I7), and (110)-(112), as stated above, imply the corre-
sponding statements with p—1 replaced by p.

Suppose that p<p*. By (16) and (1) of Lemma 3.3, the domain of the immersion ¢, o+ induced by
the immersion ¢,_1 ,+ is the blowup of

TPex (0—1)
Mol X Mo, 1507, T5(0%)

i —o—1 .
along the preimage of zmg o under tp_q o+ in

Tpex(0—1) V1 o
e (o—1) X1 M ™ X (4504, 750%)) — M0, X Do, (85 (0),T5(0)) -

y (I7), this preimage is

gPer (0—1) a0
U Mo’p . ) X mov(NB(Q*)vJB(Q*))'
pEAo0(0*;0)

By the last paragraph of Subsection 2.4 and the second paragraph after Lemma 3.10,
Mo @AM =0 Yoy pae Aol ), i #p2

Thus, by the construction of Subsection 2.4, the blowup of //\/lvgggjig_l)

U Mgg*(g—l)
P

p€Ao(0*;0)

along

is Mgigg), as needed for the inductive statement (I6), with p—1 replaced by o. For the same
reasons, (110), (2.13), and (3.7) imply that

* % * a0
Lo Bo = to1,0Bo-1® Lg,g*o(mo,g)

0,0"
=ThEp o) © Q) TROMG,) = TEE,,. (o)-
peAo(o*;0)

Thus, the inductive statement (710), with p—1 replaced by p, is satisfied. The assumption (I7) is
checked similarly, using (3) of Lemma 3.3.
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We next determine the normal bundle for the immersion ¢, ,+. The restrictions of the line bun-
pye(0—1) O the complement of the exceptional divisors in ./T/ligggggfl) are

T o Lo, and 7 [Eo, by the construction of Subsection 2.4. Thus, by the last statement
Po* (,Q 1) A Po* (Q 1)

dles LPQ*(Qfl)y(l:i) and E

of Lemma 3.10, (/11), and the inductive assumptions (/1) above and in Subsection 2.4,

* o1 TP (0-1) ap
Lot e et — T /T M XD (o) T (o
¢ ¢ ‘MO,Qp XEIHO,(NB(Q*),JB(Q*)) 079 ( O’p ’( B(g )7 B(g )))

= EB @T(-};Lpg*(,g—l),(l,i)®7T*B7rz<l,i)L0 ® GB @W?Lpg*(g—n,(z,i)®7TE7TEkz,i)Lo
1eRp(0*)—Rp(0) i€[m]] leRp (o) i€[my]-1I; p

for all pe Ap(0*; 0) as in the statement of Lemma 3.10. Let
Ip(p) = {(1,9): 1eXp(0), i€ L1 p}.

From Lemma 3.5, we then obtain

Now = D D <(7T73Lpg*<g—1),(z,z')®7TE7TE,¢>L0)®7T}50 (- MS,,J)

1ER P (0*) i€[m}] pEA0(0*;0),(1,1)EIP(p)
© 7B}, o Pritesmio( - Y M, )
leRg(o*) pE€Ao(0*;0)
= D D Frly 0@k & THE, ()@ PiLo.
1eRp(0*) i€[m}] leXs(0%)

The last equality above follows from (2.12) by the same argument as in the previous paragraph.
We have thus verified that the inductive assumption (I11), with o—1 replaced by p, is satisfied.
Finally, the inductive assumption (/12) and the continuity of the two bundle sections involved in
the identity in (I12), with o—1 replaced by p, imply (112) with o—1 replaced by p.

We conclude this construction after the blowup at the gpmax step. Let

9:RO,(N,J) (Pna d) = mg:?;zi])a E=E
By the inductive assumption (/4), applied with o—1 replaced by omax, the section ZS(N, 7y is transverse
to the zero set. As in the previous two subsections, the final result of this blowup construction is
independent of the order < chosen to extend the partial ordering < on Ay(X;d, J), as can be seen
from (I5).

Omax? D(N,J) = ngax'

4 A Blowup of a Moduli Space of Genus-One Maps

4.1 Idealized Blowups and Immersions

In this section we describe the main blowup construction of this paper. This is the sequential
idealized blowup construction for 9y (P", d) with the initial data and the inductive step specified
in Subsections 4.2 and 4.3, respectively. This construction is outlined in Subsections 1.2 and 1.3.

In contrast to the situations in Sections 2 and 3, the variety iﬁLk(P”,d) is singular. In order to

describe the structure of My ,(P",d), we introduce the notion of idealized normal bundle for an
immersion. Recall that the domain of an immersion is assumed to be a smooth variety.
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Definition 4.1 Suppose M is a variety and vx : X — M is an immersion. An idealized normal
bundle for the immersion tx s a vector bundle ./\/’Llie over X such that N, C/\/'Llie.

Remark: An idealized normal bundle is of course not unique; an idealized normal bundle plus
any other vector bundle is still an idealized normal bundle. If the image of ¢x is an irreducible
component of 91, an idealized normal bundle of the smallest possible rank still need not be unique;
it can be twisted by any divisor in X disjoint from the preimage under ¢ x of the other components
of M. For each of the immersions we encounter in the next subsection, there is a natural choice
for /\/'Liie. These idealized normal bundles also transform in a natural way under blowups and proper
immersions, as described in Lemma 4.3 below.

Suppose M is a variety, Z is a smooth subvariety of M, and N, Lige is an idealized normal bundle for
the embedding ¢z of Z into 9. Let

Ey E]P’/\/LZ C Blzﬁ

be the exceptional divisor for the blowup of 9 along Z. We denote by BliZdeﬁ the variety obtained
by identifying Blz9 with
ide _ id
Elze = ]PA/‘LlZe
along £z. We will call
9 BIS — M and  EF° C BIM
the idealized blowup of 9 along Z and the idealized exceptional divisor for mide,

spectively. (Caution: the idealized exceptional divisor is not necessarily a divisor!) More generally,
we will call

re-

M — M
an idealized blowup of 9 if 7 is a composition of idealized blowups along smooth subvarieties.
In practice, idealized blowup is simply a convenient term. In the inductive assumption (I1) in

Subsection 4.3 below, it can be replaced by morphism of varieties, as the remaining inductive
assumptions describe all the relevant properties of this morphism. Let

vz — E5°
be the tautological line bundle. Note that the normal bundle of £z C EiZde in
Pr;0 = Bl;M
is 7z|g,. This observation implies the first statement of Lemma 4.3 below.

Our strategy is as follows. We begin with a space with a properly self-intersecting collection of
immersions, each with an idealized normal bundle. These are the immersions ¢, with o € .4;(d, k)
defined in Subsection 1.2; their images are the subvarieties 91 ,(P", d) of M x(P", d). The ideal-
ized normal bundle for the immersion ¢, is the direct sum of the deformation spaces of the nodes
between the contracted genus-one curve and the non-contracted genus-zero curves that are identi-
fied by ¢,. At each stage, one of our immersions is an embedding, and we blow it up, replacing it
with its idealized exceptional divisor. The exceptional divisor of the blowup of the main component
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is the intersection of the new main component with the idealized exceptional divisor. Then after
each step, we have a new properly self-intersecting collection of immersions. Moreover, there is a
natural idealized normal bundle for each of the proper transforms of the immersions we have “yet
to blow up”.

We now say this more explicitly. Lemmas 4.2 and 4.3 below are direct extensions of Corollary 3.4
and Lemma 3.5. The first lemma states that if we have a properly self-intersecting collection of
immersions, one of which is an embedding, then upon blowing up the embedding, we still have a
properly self-intersecting collection of immersions. It is immediate from the definition of “properly
self-intersecting”, by checking in local coordinates.

The second part of the second lemma follows from Lemma 3.5 with only one change. Instead of

writing
Ny = @Li and Nprjux = GB (W*Li ® ® O(_EQ)>

iel iel icl,

as in the statement of Lemma 3.5, we are saying that if we have a natural inclusion NV, C@,c; Li,
then we get a natural inclusion

Newsix € EPD (W*Li & 0(—E9)).

iel icl,

The vector bundles on the right are the original idealized normal bundle and the new idealized
normal bundle, respectively.

Lemma 4.2 Suppose M is a variety, {t6: X& —>ﬁ}0&4 is a properly self-intersecting collection
of immersions, and o € A is such that v, is an embedding. If ./\/;1;le 1 an idealized normal bundle

for iy, then
{PrImLaLU/}U/GA,{O-} U {Lgide }

Imis

is a properly self-intersecting collection of immersions into Bliffr‘fbdﬁ.

Lemma 4.3 If M is a variety, Z is a smooth subvariety of M, and ./\/'Lige s an idealized normal

bundle for vz, then
ide
Lgizde

is an idealized normal bundle for the immersion Lgide Suppose in addition that vx, A, Z,, and E,

are as in Lemma 3.5 and ./\/'Lif(e s an idealized normal bundle for vx. If there exist a splitting

NEe=@PL—x
i€l
and a subset I, of I for each o€ A such that (3.1) holds, then
N =P (Lo @ O(-Ey))
iel i€,

1s an tdealized normal bundle for the immersion Przix.
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Definition 4.4 Suppose M is a variety, tx: X — I is an immersion, M is a subvariety in M,
and TCIM TN is the tangent cone of M in M (TC’ﬁO not necessarily reduced). The subvariety
M is proper relative to tx if

dix TCL (M) = o TCM NImdix C TN

and the map

U TO ., @ /Im dux| — T/ Imdex C N (4.1)

TC G ()

induced by inclusions is mjectwe, with its image being reduced.

The left-hand side of (4.1) denotes the family of cones over ¢! (ﬁo) such that for each z €15 (ﬁo)

70

LXTCS)J? , S /ImdLX\

TCO () |,

is the quotient by the minimal vector subspace of Imdix|, = dix(T,X) containing the cone

Imdix|,, ;-1 o If TCL}I(ﬁO) is a vector bundle, the two conditions in Definition 4.4 are
zClx

equivalent.

)

O is a subvariety of M which is proper relative to an immersion ¢y : X — 90, we denote by

N, C & TM/Imduy C N}

the image of the homomorphism (4.1). We will call N s the normal come of vx| 2

x |3t ™)
in ﬁo.

Lemma 4.5 Suppose MM is a variety, tx : X — IM is an immersion with an idealized normal
bundle ./\/’Lif}e, M’ is a subvariety of M which is proper relative to tx, and

ZcZ= ' M)

<[ s0lz in ./\/'j;l(e

(1) If X is a smooth subvariety of M, then Prxim 1s proper relative to the immersion Lgide,

1s such that N o i the closure OfN

Eide N PryM C Ex

1s the closure of IPN olz in 5}?6, and

|9ﬁ
Lgide Prdit X |5}?eﬂprxﬁo ’
X

(2) If Z is a smooth subvariety of M disjoint from tx(Z) and N} is an idealized normal bun-

dle for vz, then Przﬁo is a proper subvariety of Bligeﬁ relative to the immersion Pryzix and

—o 15 the closure ofN o|z in Nide

Przux|PrzO \9)? Przux:

The first part of (1) essentially follows from the universal property of blowing up: if 91 is blown
up along Z, then the proper transform of M in M (the scheme-theoretic closure of M — 7 in
the blowup) is the blowup of m’ along mnz , and the normal bundle to the exceptional divisor

in Blﬁom Zﬁo is the restriction of the normal bundle of the exceptional divisor in Blz9t. The
statement (1) is the etale-local version of this. Part (2) is clear by working in local coordinates.
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4.2 Preliminaries

In this subsection, we state a number of known facts concerning the moduli space ﬁLk(]P’”, d) that
insure that the inductive requirements of the next subsection are satisfied at the initial stage of the
inductive construction. Lemmas 4.6-4.9, with the exception of one statement, are well-known in
Gromov-Witten theory and are obtained similarly to Lemmas 3.6 and 3.7. We show that the last
statement of Lemma 4.7 is simply a reinterpretation of a standard fact concerning moduli spaces
of stable maps.

Let (Ai(d, k), <) be the partially ordered set of triples described in Subsection 1.2. It has a unique
minimal element and a unique maximal element:

Guin = (0, (K])  and  Oyas = (ds [4],0).
Let < be an order on A;(d, k) extending the partial ordering <. For every o€ A;(d, k), we define
o—1e€{0}uA(d, k)
as in (2.7). For each element o= (m;Jp, JJg) of Ai(d, k), let
ﬁ(1),05ﬁ1,a(]pn7 d) C ﬁ(l),kzﬁl,k(]?nu d)

be the subvarieties defined in Subsection 1.2.

Warning: Note that ﬁ‘f, i denotes the entire moduli space ﬁl,k(P”, d) and not the main component

ﬁ?,k(]}’m, d). Similarly to Sections 2 and 3, the superscript 0 indicates the Oth stage in the blowup
process.

Lemma 4.6 If o1 = (my; Ji.p, J1.B) and o3 = (mg; Jo.p, Jo.) are elements of Ai(d, k), o1 # o2,
01 7402, and 027401, then

<=0 <50 =0
ml’al N 9)?1,02 C 9)?17&(01,02), where

(01,02) = (min(my, mg); Ji,pNJap, J1,pUJ2B).

With o as above, we define
Ip(o) =Np(o) =[m],  Jp(o)=Jp,  Jplo)=Jp,  Go=S5n.
As in Subsection 1.2, we denote by
10,00 MY (1p(0)70(0)) X 00800 T5() — To C Ty g,
where Mo (xp(0)./5(0)) = Mo,(85(0),75()) (P ),
the natural node-identifying map and by

0 = —0
0.0 (M1 (1p(0).7p(0)) X T, (85 (0),I5(0))) / G — Ty

the induced immersion. Let

7P, B My (15(0),7p(0) X PR0,05(0),75(0) — ML (Ip(0),7p(0))> TN0,(Rp(0),75 ()

be the two projection maps.
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Lemma 4.7 If d,n€Z* and k€ Z*, the collections {100 }oeay (@) and {T0.0toea k) of immer-
sions are properly self-intersecting. If o*=(m*;Jp, J§) € Ai(d, k),
Im® 7 o= C U ﬁl,g/ and Nide @W}Liééﬂ*BWfLO

Lo, 0%
o/ <o* i€[m*]

is an idealized normal bundle for 1o g+ .

We deduce the last claim of this lemma from the deformation-obstruction exact sequence (24.2)
in [MirSym] as follows. Suppose

—0
(2, u] = 10,0+ ([P X [SB, uB]) € My 4, where

B, us] = (3 t]) i) € Mo, 0p(0),Tn(0")-
By [MirSym, (24.2)], there exists a natural homomorphism

jZ,u: Tﬁl,k(ﬂmnv d)| = Def(z7 u) - Def(Z),

[%,u]
where Def(X, u) and Def(X) denote the deformations of the stable-map pair (¥, u) and the defor-
mations of the curve ¥ (with its marked points), respectively. As [, u] is considered as the image
of [Ep|x[Xp,up] under ¢g o+, there are m* distinguished nodes of . These are the nodes of ¥ that
do not correspond to either the nodes of ¥ p or the nodes of any of the curves ¥; with i€ [m*]; see
Figure 13. Let

Def(¥Xp,Xp) C Def(X)

be the deformations of ¥ that do not smooth out the distinguished nodes of ¥. Since the smoothing
of a given node of ¥ is parametrized by the tensor product of the tangent lines to the two branches
of ¥ at the node, we have an exact sequence

0 — Def(£p, £p5) — Def(£) 22 A s — 0
We denote by o
Def(Xp, (Xp,up)) C Ty 4 (P", d)|[EM = Def(2, u)

the kernel of the map '
J520 juu: Def(X, u) — N

Lo o*

[Ep]x[Zp,uB]’

The space Def(Xp, (Xp,up)) consists of deformations of (X,u) that do not smooth out the m*
distinguished nodes of . Thus,

Def(zp, (EB, UB)) ~ Def(zp) ©® Def(ZB, UB)
_O -
= TMi (150,70 () 6] D T, g (04), 75 () [ 5u5]-

The isomorphism from the right-hand side to the left-hand side is given by digs+. Thus, the
homomorphism jx;ojs , induces an injection

— B3 1s n id
-/\/’LO_’O,* |[Z,u] = Tcml,k(P 7d)|[z’u]/1m dLO,O’* - -N’Lo,(e,* [2p]X[E5,usp]’

as needed.
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distinguished
nodes

Figure 13: A point in the domain of ¢ »+ and its image in 9%y 4 (P", d)

Lemma 4.8 Ifd, n, k, and o* are as in Lemma 4.7, 0 € A1(d, k) is as above, and o <oc*, then

ot M) = (UML) % Mo poryipio,  where

pEAp(0*;0)

Ap(c*;0) = {p:(Ipl_IJp,{IkI_IJk: kEK}) E.Al(IP(O'*),JP(U*)): \K]+]Ip|:m}

and Ai1(Ip(c*), Jp(c*)) and M(I),pzﬂlw are as in Subsection 2.2. Furthermore, if p€ Ap(c*;0)
s as above,

* a0 -0 o _ * T * ok
L070-* ‘M?,pme(xB(g*),JB(g*))Tml’U/T(Ml’p Xmoy(NB(o.*)ij(o.*))) = @ ﬂ_PLZ®7rB7r7, LO.
i€lp(o*)—Ip

Lemma 4.9 Ifd, n, k, o, and c* are as above, then

Lo;l (ﬁ(l),g*) = M?,(IP(U)JP(U)) X ( U ﬁ()@), where
0€ARB(o;0*)

Ap(o;0*) = {o= ((Ul)leNB(a)uJB) € Ao(Np(0);d, Jp(0)): ‘NB(Q)‘ =m*},

and Ao(Np(0);d, Jg (o)), Rp(0), and Mo , =M ,(P",d) are as in Subsection 3.3. Furthermore, if
o€ Ap(o;0*) is as above,

% —0 ——0 ar _ * * %
L0’0|m(1),(zp(g),Jp(g))Xﬁo,gTimlva*/T(MLUP(U)JP(U)) Xf)ﬁoﬂ(_,) = @WPLi@WBWi Lo,

iERp (o)
where Xp(0) CRp(0) is as in Subsection 3.3.
We note that for every o* € 4;(d, k),
Ai1(Ip(0™), Jp(0")) = | | Ap(c™;0).
o<o*
Furthermore, if 01,02 € A;(d, k) are such that 01,09 <", then
mEAp(c*;o1), pa€Ap(c*;o2), p1=<p2 = o1 =<09.
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Thus, we can choose an ordering < on A;(Ip(c*), Jp(c*)) extending the partial ordering < of
Subsection 2.3 such that

o1<02, p1E€Ap(c;01), p2€Ap(c¥;02) = P1<p2,

whenever 01,09 € A;(d, k) are such that 01,09 <o*. In the next subsection, we will refer to the
blowup construction of Subsection 2.3 corresponding to such an ordering.

Similarly, if o’ € A1(d, k),
Ao(Rp(o');d, Jp(a')) = |_| Ag(d'; o).

o' <o
Furthermore, if 01,09 € A1(d, k) are such that o’ <01, 09, then
0o1€Ap(0’;01), 02€Ap(o’;02), 01<02 - 01=02.

Thus, we can choose an ordering < on Ay(Rp(0’);d, Jp(c')) extending the partial ordering < of
Subsection 3.3 such that

o1<02, 01€AB(c’;01), 02€Ap(o’;09) = 01 <02,

whenever o1,09 € A1(d, k) are such that ¢’ < o1,05. In the next subsection, we will refer to the
blowup construction of Subsection 3.4 corresponding to such an ordering.

We denote by ﬁ?(o) the main component ﬁ(ik(]?”,d) of the moduli space My (P, d). If 0 €
Ai(d, k), we put

=0 1550 1550 =0

Zcr = LO,al (ml,(O)) = LO,al (gnl,(O)ﬂ 93/tl,cr);

20 =1 (M) N M1,) C 2y, where My, = My, (P, d).

We denote by NZ. C Nide the normal cone N

) .
00 78 o) for L070.|§?r in My ). Its structure is
described in Lemma 4.10 below. Let

—0 i * Tk * * n
'Dop S F(ML(IP(O'),JP(U)) Xmo’(NB(U)JB(U)); HOIH(N de WPE0®7TBQVOT]P) ))

Lo,0?

be the section defined by

DO,U

% * ok .
npLi@ngniLo TpS0,i OTRT; Dy, Vie [m]a

where sp; and Dy are as in Subsections 2.3 and 3.2, respectively.

Lemma 4.10 For alloe€ Ai(d, k), ﬁ(l),(o) s a proper subvariety ofﬁ?k relative to the immersions
to,o and to .. Furthermore,

Z) = {be M1 11(0)075(0) X Mo, (85 (0) .75 (o)) : KT Dol # {0} }
and N?g‘zg = ker Do,a|22-

Finally, Z° s the closure of Z% in M(f,(IP(U)JP(U)) XMy, (p(0),T5(c)) and N?S s the closure of

[

=0 ; ide
NZU|22 in Nge.
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This lemma is a consequence of [Z4, Theorem 2.3] and related results. In particular, the first claim
in the second sentence of Lemma 4.10 is a special case of the first statement of [Z4, Theorem 2.3].
The second claim is nearly a special case of the last statement of [Z4, Theorem 2.3], but some
additional comments are required. [Z4, Theorem 2.3] by itself is a purely topological statement, as

it describes the topological structure of a neighborhood of each stratum of ¢¢ 4 (Eg) in ﬁ?’(o). On

the other hand, by Subsection 4.1 in [Z2], N ?‘3, ‘ o is contained in ker Dy ;. The second claim in the
second sentence of Lemma 4.10 can then be obtained from a dimension count and a comparison
of the gluing construction used in the proof of [Z4, Theorem 2.3] with the analysis of limiting
behavior in [Z2, Subsect. 4.1]. This comparison implies that the gluing parameter in the analytic
construction of [Z4] agrees to the first two orders in the zero limit with the smoothing parameter

in algebraic geometry. Thus, N/ §2| o must be equal to ker Dy . These considerations also imply

the first claim of Lemma 4.10. Alternatively, suppose that d < n. If the moduli space ﬁ(l)p is
nonempty, then m <n and thus for a Zariski open subset Z,,; of z9

1 <dmNZ,|, =1=dimkeDy,|, = NZ,|, =keDy,|, . (4.2)

Since Dy, is transverse to the zero set over Zg, the second claim in the second sentence of the
lemma follows from (4.2), if d<n. The general case follows from the observation that

My, (P",d) = {[Z,u] €Dy, (P, d): u(S)CP"}
and the d<n case.

The first claim in the last sentence of Lemma 4.10 can be obtained by combining the first statement
of [Z4, Theorem 2.3|, the m=1 case of [Z1, Theorem 2.8], and the Implicit Function Theorem. It
also follows immediately from the last claim of Lemma 4.10. The latter can be deduced from [Z4,

Theorem 2.3] as follows. Suppose first that m <n. In this case, [Z1, Theorem 2.8] implies that Z 2

admits a stratification .

§0' = <031 U |_| Zo';oz
acA

such that Z,.; is a Zariski open subset of Zg,

Z,,C 2%  dim NZolp=1 VbeZ,,
and max {dim N§g|b: bEZU;a} < codim=o Zg;q VaeA, (4.3)
see the next paragraph. Let
20 =PNZ, CPN/% |,

be the exceptional divisor for the blowup of ﬁ?,(o) along ﬁ?p. Since all irreducible components

of Z% must be of the same dimension, Z° must be the closure of Z2| zo by (4.3). This closure

property remains valid even if we do not assume that m <n for the following reason. Let pt € P4
be any point not contained in P”. Let

7 prtd {pt} — P"
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be the corresponding linear projection. It induces projection maps

p: {[S,u] €M L (P, d): ptgu(S)} — Dy 4(P",d)  and
P {[E,u; V] 622(P”+d,d):pt¢u(2)} — gg(P”,d).

The latter map takes Z0(Pm+d, d)| zopnta q) to Z0(pm, d)| zo(pn,q)- Since the closure of
Z)(P™, d)| z0 pnta )

contains 22 (P™, d), it follows that so does the closure of 22(@%7 d)| zo(pn ). This observation implies
the last claim of Lemma 4.10.

We conclude this subsection by briefly describing the stratification mentioned above. A stratum
Mr, of ﬁ07(NB(U)’JB(U)) corresponds to a tuple I'p = (I';1)1en (o) Of dual graphs, all of which are
trees. The vertices of I'g,; correspond to the irreducible components of the domain of the stable
map b; in the definition of ﬁO,(NB(a), Jp(o)) at the beginning of Subsection 3.3. Each vertex v of
I'p; is labeled by a nonnegative integer, which specifies the degree of the stable map b; on the
corresponding component YJ,,. There is an edge in I'p,; between two vertices if and only if the two
corresponding components of the domain share a node. In addition, there are tails attached at
some vertices of I'g.;, which are labeled by the indexing set for marked points of the map b;, i.e. J; p
in the notation of Subsection 3.3. Let v; be the vertex of I'g,; to which the tail corresponding to
the marked point 0 is attached. If the degree of v; is positive, let

xi(T'e) = xi(Ty) = {v/'}-

Otherwise, denote by x;(I'g) the set of positive-degree vertices of I'p,; that are not separated
from v} by a positive-degree vertex. Suppose

b= b)iexp(0) € Mrs = Mo % (0),75(0)) Himrg;” with by =[%, u]
lENB(O')

as in the paragraph preceding Lemma 3.8. If /€ Rp(0) and v=1;, let
ImDU\b = ImDo\bl = Imdul\xo(bl) C Tevo(b)Pn-

If v is a vertex of I' g, different from v}, we denote by Im D, |, the image of d{u;|x, } at the node of
¥, corresponding to the edge of I'z,; that leaves v on the unique path from v on v; in I'g;. Note
that if vex;(I'p), the image of this node under u; is evy(b). We set

X0 = || xTs).

leXp(o)
With b as above, let
codim D[, = |x(I'p)| — dim Span{Im D, |,: ve x;(I'p), l€Rp(0)}.
For each pair a=(I'g, i), where p€Z™" is such that

max (1, [x(T'p)|-n) < p < [x(Ts)l, (4.4)
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we put
Zrpia = {beimpB : codimD|b:,u}.

By the first statement of [Z4, Theorem 2.3],

_0 JR—
ZU = |_| Za;aa where Za';a = MI,IP(U)LJJP(U) XZFB;a-
a

The disjoint union is taken over all pairs a = (I', 1) as described above. From transversality as in
the first claim of Lemma 3.8, it is easy to see that

codimop,. . Z1 g0 = (n - (|X(FB)|_N))”
>n—(Ix(T'e)|—w);

see the end of [Z5, Subsect. 2.3], for example. The above inequality follows from the first inequality
in (4.4). By (4.5), if m=|Xpg(0)|<n,

(4.5)

coding Zoia = codimngB Zrpia+ codimﬁo Mry

(Rp(e),p(a)
—0

5 Z

(@)uTp (@)X Mo,(Rg (). T5(0) 7

> (n=Ix(TB)|[+x) + (Ix(T)|-R5(0)]) = (n—Rp(o)|+1)

On the other hand, by the last statement of [Z4, Theorem 2.3],

— codim—+—
Ml,[p

pw—1.

max {dim /\/’gg\b: bEZU;a} = [.

We conclude that .,
max {dim N'Z,[y: b€ 25,0} < codimzo Zg,0 + 1.

The equality holds if and only if 4 =1 and I'p is a tuple of one-vertex graphs, i.e. the image of
M 10(0)0Tp () XM under (g, is contained in My ;. This observation concludes the proof of the
stratification claim made in the previous paragraph.

4.3 Inductive Construction

This subsection is the analogue of Subsection 3.4 in the present situation. Suppose o € A1(d, k)
and we have constructed . .

(I1) an idealized blowup 7,_1: Dﬁiz — M, ;. such that 7,1 is an isomorphism outside of the
preimages of the subvarieties ﬁ‘f,a, with o/ <o—1;

(I12) for each o’ € {(0)}U.A;(d, k), a subvariety ﬁf;} of ﬁf;l such that

xo—1 SHo—1 Sno—1 70 —1 50
Wl’k = ml’(o) U U 93?170/ 5 To—1 (93?1’0/ ) = meC,/ VO'IE {(0)}|_|A1 (d, k),
o' €Ay (d,k)

and ﬁ?;i is the proper transform of ﬁ(l)’a* for o*=(0) and for all o* € A;(d, k) such that o* >o—1.
We assume that
(I13) for all 01,09 €.A1(d, k) such that o1 #09, 01 & 02, 03 A 01, and 0 —1< 07,09,
—0o—1
ol 01 | C O, , if&(o1,09)>0—1;
Dﬁigl N f)ﬁclr’@ {: y 1,6(01,02)

otherwise,
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where 7(01,09) is as in Lemma 4.6.

We also assume that for every o’ € A1(d, k) such that ¢/ <o —1:
(I4) ﬁ?;} is the image of a G,/-invariant immersion

i 5 (0—1) ano—1
to—1.0" " M (1p(0),7p(0")) X mg eI " Pk where
(0—1) max { o€ Ap(0’;0%): 0’ <o*<o—1}, if Io*€Ai(d, k) s.t. o/ <0*<o—1;
g — =
¢ 0, otherwise,
NQJ/(Uil) ga (0 1) n
and 93?0’(&5(0,)“]3(0,)) =M p (07 T 50" ))(]P’ ,d) is the blowup of ZUIO (R (07, JB(U,))(]P’ ,d) constructed

in Subsection 3.4;
(I5) if 0* € A;1(d, k) is such that c—1<c™ and ¢’ <™, then

e o) = Mupionipen < (U M),

0€AEB(a’;0%)

where Z/DVTO"’A;(U_I) Dﬁo"’(a Y(P,d) is the subvariety of Dﬁg"(’}g; (01)) Jp(ory) described in Subsec-

tion 3.4;
(I16) an idealized normal bundle for the immersion ¢, is given by
id * %
NS = TPL@TBT) (o 1)V Rp(07),J5(0"))>
where
20 (0—1) 7007 (0—1)

T8, TP My (1p(0"),Jp(0")) X mo,(NB(a’),JB(U’)) — My (1p(0"),7p (") mo,(NB(a’),JB(a’))

are the two projection maps and L. — JK/IVL( Ip(0"),Jp(0")) 18 the universal tangent line bundle of
Subsection 2.3;

a 1

(I Z. =17} o , (] (0)) is the closure of
o—1 _ 2y 1 o' (0—1)
Z57 = My (1p(07),7p(07)) % (Dgg (o-1)(0) = U o )
0€Ap(Rp(a)id, Tp (o))
0,1(0—1)<e
. M Xﬁgg/(afl) d
M (Ip(o’),Jp(a")) 0,(Rp(0"),J5(0")) 2
—~o—1 ide
NZ o No‘ 1 o"|9:n1 (O) - N’Ldil‘o-/ ngl

. s=o—1 . =01
is the normal cone for LU,170/|S)JT(177(0) in imik ;
(I8) the immersion map

- (0—1) Sho—1
To—100 (My(1p(0): 00 X oy (o)) | Gor — T

induced by ty_1, is an embedding.
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Furthermore, we assume that for every o* € A;(d, k) such that c*>o0—1:
(19) the domain of the Gy+-invariant immersion t,_1 o+ induced by ¢ o+ is
*(0—1) T
M o), ap) % Mo,(8p(o*),In(ew)s  Where

if 3o’ € Ay (d, k)

max {peAp(c*:0): 0/ <o—1,0' <0*
{p p(o07):0'< ’ }’ st. o' <o—1,0' <0o™;

po+(0—1) =
0, otherwise,

and M?i’(*};cr(;*l))7JP(a*)) —>M171P(0*)HJP(O-*) is the blowup constructed in Subsection 2.3;

(110) if o’ € A1(d, k) is such that c—1<o’ <c*, then

e ) = (U M) 5 Do po) o

pEApP(c*;07)

(I11) if o* is as in Lemma 4.7, an idealized normal bundle for the immersion t,_1 4+ is given by

Nlde = @ mpL, . ),i @™ Lo,

lo—1,0%*

where

. _pa*(g_l) ar _pa*(g_l) ar
TPy T8 MU 1p(04),7p(0%)) X Mo,k (0%),75(0%)) — MI1p(0%),p(0+)) Mo, (0%),I5(0"))

are the two projection maps and L, , (5—1),i —>Mp"(*}fj(alg Tp (o)) is the line bundle constructed in
Subsection 2.3;

= — Cf*( 1) o
) (112) ZIZ* Ly 10 (o (0)) is the closure of Z2. in M/ (IPU(U 9. ap(04)) X Mo, (R (%), T (0+)) and
the normal cone

1
NZ = =N
lo—1 o'*|9:n1 (O)
: ide
ZO* mn '/\/’Lo'fl,a*’

—o—1 . —0
for ty—1,0%| 24+ is the closure of N'Z .
[ed

(I113) Im® iy 1.0+ € Uy 1 g1 4o T 1, where

_ (Pox(0—1) ~=o0—1
lo—1,0 (ML(IP(U*)JP( ))xi)ﬁo Rp(o )/G = My,
is the immersion map induced by t5_1 o+.

Finally, we assume that
114) the collections {ty—1.¢' }o ak) and {ts—1.5 }or 4.k of immersions are properly self-
’ E-Al( s ) ) eAl( ) )
intersecting;;
I15) for all o’ € Ai(d, k), the subvariety M7 of M, is proper relative to the immer-
1,(0) 1,k
sions ty—1,6+ and ;1,47

By the inductive assumption (/3), if o1 and o9 are non-comparable elements of (A;(d, k), <), the

proper transforms of ﬁ?m and ﬁ‘fm become disjoint by the time either is ready to be blown up
for any ordering < extending the partial ordering <. Similarly to the three blowup constructions
encountered previously, (/3) will imply that the end result of the present blowup construction
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is independent of the choice of an extension <. By (I9), our blowup construction modifies each
immersion ¢g .+ by changing the first factor of the domain according to the blowup construction
of Subsection 2.3, until a proper transform of the image of ¢+ is to be blown up; see below.
By (I11) and (I13), in the process, the singular locus of ¢o ,+ disappears and the first component
in every summand of /\/'ngi* gets twisted to L. In particular, all blowup loci are smooth. On the

other hand, by the inductive assumptions (I7) and (I8), for 0’ <o—1 the intersection of the proper

transform of ﬁ?,(o) with the proper transform of the exceptional divisor ﬁi’a/ is an embedding of a
subvariety of a smooth variety. The singular locus of this subvariety is annihilated by the time the
entire blowup construction is complete, according to the inductive assumptions (I7) above and the
inductive assumption (74) in Subsection 3.4. These assumptions imply that the proper transform

of ﬁ?(o) after the final blowup step is smooth.

We note that all of the assumptions (11)-(115) are satisfied if o—1 is replaced by 0. In particular,
(I3) is a restatement of Lemma 4.6, while (I10)-(I15) are contained in Lemmas 4.7, 4.8, and 4.10.

If o€ Ai(d, k) is as above, let
Mo ﬁik - ﬁi?cl

be the idealized blowup of ﬁf;l along ﬁi;l, which is a smooth subvariety by the inductive
assumption (/13). We denote the idealized exceptional divisor,

5%‘3_1 = PAde

-~ lo—1.07
by ﬁia. For each o' €{(0)}U(A1(d,k)—{c}), we denote by

My 0 C Blﬁiglﬁﬂl C M4
the proper transform of ﬁi}l . Let Ty =7Ty_1074.

The inductive assumptions (I1) and (12), with o—1 replaced by o, are clearly satisfied, while (13),
(I8) for o’ #0, and (113)-(115) follow from (2) of Lemma 3.3, Corollary 3.4, and Lemma 4.5. On
the other hand, by (19), the domain of the immersion t,_1 , is

_Pa(o'_l) a v a
M (15 (0),7p(0)) X P05 (0),T5(0) = M1,(1p(0),70()) X Mo, (0),75(0)) -

By (I11), the chosen idealized normal bundle for the immersion ¢, is given by
N = D 7L, (0-1),@7ET Lo = THL © TE Finy (o), (0) (4.6)
1€[m]
Thus, the domain of the immersion ¢4, induced by t;_1 5 is

de  _ e = 00(0)
PNS, = Mu1p(0),70(0) X0 (85(0). 75 (0)) = MLUI©),700) X0 e (o), 75 (o)

By the first statement of Lemma 4.3, an idealized normal bundle for the embedding ¢, is the
tautological line bundle over PN, Liff Lo 1€

N = mpLOTEY g (0)I5(0)) = TPLOTET S () VN5 (). T8 (0))-
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Thus, the inductive assumptions (74) and (I6), with ¢’ =0 and o—1 replaced by o, are satisfied.
The same is the case with (I8), since the map 7,1, is an embedding by (I13).

We also note that by the first statement of Lemma 4.9, the inductive assumptions (/1) and (/2),
and the last statement of Lemma 3.3,

a0 = Miponen x (U Py
0€ARB(o;0*)

L

for all 0* € A;(d, k) such that o <o*. In addition, by the last statement of Lemma 4.9

* T v a7 ide
LO-_LO—‘ML(IP(U)’JP(G))Xm,gTWLU* /T(M17(IP(U)>JP(U)) Xmoﬂg) - '/\/’Lofl,a

is a vector bundle for all p€ Ap(o;0*) and

* ~50—1
60'—1,0'|M171P(U)HJP(J)X%‘ngLU*/T(ML(IP(U),JP(U)) xMo,,) = @T?Li@m*BﬁLo.
1€Np (0

Thus, by the first equality in (4.6),

* Sno—1 — 5
Mla(IP(d)vJP(U)) X%,QTWLU*/T(ML(IP(U)MJP(U)) Xmo’g) = 7T}k3L® @W*BW’TLO
i€Rp (o)

= npl @ TpFyp.

lo—1,0

It follows that

LU;} (ﬁia*) = U P(rpL ® m5F,p)
o€ Ap(o;0*)

= Miporireon < (U BFar)
0€ARB(o;0*)

|Ml,(lp(a),JP(a)) x9Mo, o

= Mipoaeon < (U Mo) = Miapoumen < (UML),

0€ARB(o;0*) 0€ARB(o;0*)
as needed for the inductive assumption (I5) with 0—1 replaced by ¢ and ¢’ =0.
Furthermore, by (112), N’ Z‘;‘l is the closure of
_0 o
NZU|23 = ker ID070-‘MI,IP(G')\_IJP(G')XWIO,(NB(O'),JB(G'))

= ﬂ-]*DL ® ﬂ-*B ker D(NB(U)M]B(U)) |%’<NB(°-)’JB(U))

in TpLOTEE N, (0),75(0))» Where Dy (o),75(0)) 18 the bundle homomorphism described in Subsec-
tion 3.3. Thus, by the first statement of Lemma 4.5,

is the closure of
M(1p(0),7p(0)) ¥ {OEPFR(0).75(0) | Mo,y (09,5507 - P0b=0}
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in M, (Ip(@),Tp (o)) 0 (NB 5 () . The inductive assumption (I7), with ¢/=0 and o—1 replaced
by o, now follows from the ﬁ>rst statement of Lemma 3.11.

We next verify that the inductive assumptions (I4)-(I7) hold for ¢’ <o, with o—1 replaced by o.
If o’ £0, then
00(0) = 0wr(0=1) and D] D], =0,

by definition and (I3), respectively. It then follows that

_ ide ide
lo,o! = lo—1,0"5 Mo N

lo— 10‘”

and I, NI Lo = NIy o1 Vot e {(0)}UA(d, k).
Thus, the inductive assumptions (I4)-(I7), as stated above, imply the corresponding statements

with 0—1 replaced by o.

Suppose that 0’ <o. By (I4) and (1) of Lemma 3.3, the domain of the immersion ¢, , induced
by ty—1, is the blowup of

M 2o’ (0—1)

M (1p(0),0p(0)) X M 0,(Rg(c"),J5(c"))

. mo—1 .
along the preimage of 9, ;" under ¢;_1 4 in

3 . Vi an o/(ail) Vi NO
d X7y, (0-1) M1 (Ip(0),Jp(0") Xms,(NB(a’),JB(a/)) — My (1p(0"),0p(0") Xmo,(NB(a/),JB(a’))'

By (I5), this preimage is

M1 (1p(01),Tp(07)) X ( U ﬁgg(aﬂ))

o€ Ap(o’;0)

By the inductive assumption (I5) in Subsection 3.4 and the second paragraph after Lemma 4.9,

imgggl(o . mtgagz(” Y=g Vo eAp(os0), o1 0o

1(o—1)

Thus, by the construction of Subsection 3.4, the blowup of Dﬁg 0. (R 5 (0),J 5 (0")) along

U ﬁgg/(a—l)
0

0€Ap(0';0)

is fmg"(/ (U)( NTp(en) 8 needed for the inductive statement (74), with o—1 replaced by o. The in-
ductive requirement (I5) is obtained by the same reasoning, using the last statement of Lemma 3.3.

R . . amo—1 .
Since 9, ,* is not contained in M, ,,, the bundle homomorphism

oo —1 ide
LO’—l,O'/Tml,U N

o'lo'

must be surjective on every fiber over L;il o (ﬁ?;l) by (114). Thus, the inductive assumption (76),

for o’ < o, continues to hold. Furthermore, by (I7) and the last statement of Lemma 3.3, Z Z, is
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the closure of

M ap@am0) % (Py oy 1)(0) = U o)
e€Ag(Rp(a’);d,Jg(a’))
0, (0—1)<eo
Vi ~ -1 an am 0/(0')
= My (1p(0"),Jp(0")) X (Dgg/(afl)(o) - U m,- U o, )
0€AB(0’;0) 0€AB(Rp(a');d,J (o))

0,1 (0)<e

in //\\/1/17(IP(U/)7JP(U/)) xﬁgfég)(a,)ﬂh(a,)). By the construction of Subsection 3.4,

e, (0)

D 1(o—1) | gpesr (@) ot =D ’ are
O (U ) |gﬁo,(NB(G/),JB(GI))7UQEAB(J/;U)9ﬁg,Q % (U) |§IHO,(NB(a’),JB(fJ'/))7LJQ€-AB(‘Tl?‘j)g:ng’g
Since ZSQU,(U) is transverse to the zero set outside of the subvarieties 53‘/?02;(0) with 0 > 0,/(0) by
the inductive requirement (/4) in Subsection 3.4, we conclude that the first part of the inductive
assumption (I7), with o —1 replaced by o, is satisfied. The second part follows from the last
statement of Lemma 4.5.

It remains to verify the inductive assumption (19)-(/12), with o —1 replaced by o. Suppose
o*€Ai1(d, k) is such that o <o*. If 0 £A0*, then
pot(0) = poe(0=1)  and I AWM, =0,
by definition and (I3), respectively. It then follows that
ide _ Nide

log.og* = lg—1.0*
g,0 (e ag" Y
’ ’ Lo,o* lo—1,0%*

and I . NI L= TG NI, Vo' €{(0)}UA(d, k).

Thus, the inductive assumptions (19)-(/12), as stated above, imply the corresponding statements
with 0—1 replaced by o.

Suppose that o0 <¢*. By (19) and (1) of Lemma 3.3, the domain of the immersion ¢, s+ induced
by tg—1,0+ is the blowup of

A fPo* (071) ar
M Ip o), 0p(0%)) X o, (0%),5(0%)

. <5o—1 .
along the preimage of M; ., under 151 o+ in

e (0—1) — — —
Tpye(o—1) X1 M7 74 (65), 75 (04)) X To,Rp (07),T5(0%)) — M1 1p(0)0Tp(0%) X Mo, (g (0*),75(c))

By (110), this preimage is

_po'*(afl) am
U M5 ) % Mo ptonramton-
pEAp(0*;0)

By Lemma 2.6 and the paragraph after Lemma 4.6,

Mi);;(ﬁl) ﬂﬂ'ﬁ;(FU =0 Vp1,p2€Ap(0";0), p1#p2-
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Thus, by the construction of Subsection 2.3, the blowup of /\/l1 T IE)U( 1; Tp(0*)) along

U Mp" *(o—1)

pEAp(c*;0)

is ﬂf:’(lf()a*) Jp(o+)) s needed for the inductive statement (19), with o—1 replaced by o. The
inductive assumptions (I10) and (I11) are verified similarly, using the last statement of Lemma 3.3
and Lemma 4.3. The argument for (/11) is nearly identical to the verification of the inductive
assumption (/11) in Subsection 3.4. Finally, the inductive requirement (I12), with o —1 replaced
by o, follows from the last statement of Lemma 4.5, along with the assumptions (/1) and (12).

We conclude this blowup construction after the o« step and put

and  Z,(P",d) = Zom™.

g

a0 n _ qm9max ~
M (B d) =D (o), T = o gy

The inductive assumptions (/1)-(I8) imply that
7 0 4 (P, d) — DN, (P", d)

is a desingularization as described in Subsection 1.2. By (I3), the final result of this blowup
construction is independent of the choice of full ordering < extending the natural partial ordering <
on .Al(d, k)

5 Proof of Theorem 1.2

5.1 Pushforwards of Vector Bundles

In this section we prove Theorem 1.2 by lifting the construction of Section 4 from stable maps
into P to stable maps into (the total space of) the line bundle £ associated to the locally free
sheaf Opn(a).

Let 7: £L — P™ be the bundle projection map. We denote by ﬁLk(/L,d) the moduli space of
degree-d stable maps from genus-one curves with £ marked points into £. The projection map 7
induces a morphism,

p: ﬁl,k(ﬁ, d) — ﬁLk(]P’n, d), X, u] — [E, 7 oul.

Since no fiber of £ contains the image of a non-constant holomorphic map, the ghost components
of (X,7 ou) are precisely the same as the ghost components of (3, u). We note that

p ([, u]) = HY(Z; u*L) /Aut(S, u).

In particular, p is a bundle of vector spaces, but of two possible ranks: da and da+1. Let S, denote
the sheaf of (holomorphic) sections of

(L, ) g — ), (P", d).

Plest .oy’ K(Brd)
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Similarly, denote by Sz the sheaf of sections of
p: 7Dk (L, d) — M, (B", d),

where 7: ﬁ? w(P",d) —>ﬁ(1)7,€(]P’”, d) is the desingularization map of Theorem 1.1:

7Af*ﬁl,k(ﬁa d) U ﬁl,k([’)d)

| |

MY (P, d) —— My 4 (P", d)

Lemma 5.1 With notation as in Theorem 1.2 and above,
(1) the sheaves Sy and m.ev*Opn(a) over W(ik(IP’",d) are isomorphic;
(2) the sheaves Sy and w7 ev*Opn(a) over Sm(ik(]?”,d) are isomorphic.

Let 4, be the universal curve over ﬁl,k(ﬁ,d , with structure map 7, and evaluation

e, .
map evy. The projection map 7 induces a morphism p on 4, so that the diagram

v lﬂ'
My (L, d)|0 _P 550 (pn
LIS S (e ,a) My (P, d)

commutes. Suppose Wcﬁg,k (P™,d) is an open subset.

(i) An element
s € {mev*Opn(a)}(W) = H° (7r_1(W); ev' L)

induces a morphism §: 7~ 1(W) — L so that ev=70 5. In turn, § induces morphisms f, and fs to

M1k (L )50 o a0 e,
) —Ls u—= .
| -
% L S04 )0
) k(Bm,
so that §=evzo fs. Then,
evopo fy=Toevpofs=T105=evin {(W)— P" = po fs = idw,

since Topo fy = po fsom. Thus, fs€Ss(W). It is immediate that the map

{m.ev*Opn(a) } (W) — Sc(W), PR
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induces a sheaf homomorphism.
(ii) Conversely, let 0 €S (W), i.e. 0: W — 0y (L, d) is a morphism such that poo = idy . Since
Up=p*i,

7T71(W) =y = o*Ur.

Thus, o lifts to a morphism
G Y(W) =%y — U,

Let g, =evyoG. Then,
TOgy, =TOEVLOO0 =€VOPOJ = eV,

ie. go € HO(m71(W);ev*L). It is immediate that the map
Sc(W) — {mev*Opn(a) H (W), o — Go,
induces a sheaf homomorphism. Furthermore,
gr, =s Vs € {mevOpn(a)}(W) and fgo =0 YoeS(W).
These observations imply the first statement of Lemma 5.1. The second claim is proved similarly.

Let — o
i)ﬁl’k([,,d) C M k(L,d)

be the closure of the locus of maps from smooth domains. We show in Subsection 5.4 that the
proper transform MY, (£, d) of ﬁ?’k(ﬁ, d) in

My (L, d) — MY, (P", d)
is smooth. Similarly to the case of ﬁ?’k(]?”, d), the main stratum of ﬁ%k([,, d),

mﬁ%@(£7 d) = ﬁ1,]6(‘67 d)‘gﬁ?i(pnd) = ﬁ(I)JC(E? d) - U pil (Im Lamax,cf)a
' o€ Ay (d,k)

is smooth. On the other hand, by the inductive assumption (/1) and the last paragraph of Sub-
section 5.4, for each o€ A;(d, k)

5JV?(1)7,€(L', d)n p 1 (Im Lamax,g)

is the image of a smooth variety under the bundle homomorphism j,, ..o lifting the embed-
ding 5,0 of Subsection 4.3. Thus,

ﬁ?,k(ﬁ’ d) m p_l (Im LUmaXya)
is a smooth subvariety of ﬁ? w(L£,d). As its normal cone in ﬁ? w(£,d) is a line bundle by the
inductive assumption (I1) of Subsection 5.4 for every o € A;(d, k), we conclude that the entire

space ﬁ?’k (L,d) is smooth. Furthermore, the fibers of

5O 4(L,d) — MY (P", d)
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are vector spaces of the same rank and ﬁ?k (L,d) contains 52(1) x(P",d) as the zero section. Thus,
P is a vector bundle.

Lemma 5.1 and the previous paragraph imply (1) of Theorem 1.2. The second claim of this theorem
is obtained in the last paragraph of Subsection 5.4. Finally, (3) of Theorem 1.2 follows from (4) of
Theorem 1.1 and the following lemma.

Lemma 5.2 Suppose 7 : M — M is a _morphism between varieties, 4 — M is a flat family of
curves, L— 4 is a line bundle, and 7: h—9M and L£—31 are the pullbacks of 4 and L via 7:

/ﬁ 7r£/

Jw |~
m —— M

If the morphism T is surjective and its fibers are compact and connected, then

TT L = T L.

Since L is locally trivial, Lemma 5.2 follows from
m.0g = Oy.

In turn, this identity follows from the fact that every holomorphic function on a compact connected
variety is constant. Thus, if W Cdis any open subset and f is a holomorphic function on
ﬁfl(W) Cil then f is constant on the fibers of 7, i.e. f=7*f for some holomorphic function f
on W.

5.2 Construction of Bundle Homomorphism

In this subsection we describe the surjective bundle homomorphism that appears in the second
statement of Theorem 1.2; see Proposition 5.5. The construction of this homomorphism is similar
to the construction of the homomorphism Dy ;) in Subsections 3.3 and 3.4.

Let £L——P" be a line bundle as in Subsection 1.2. If .J is a finite set, let
Vo = My (030 (L, d) — Mg 1030 (P, d)
be the corresponding cone. In particular, if [%, u] Eﬁ(]’{o}uj(]]?)n, d), then
VO‘[Z,u] = H°(Z;u*L) /Aut(Z, w).
In this, genus-zero, case, this is a vector bundle of the expected rank. Let

V@ T(Su L) — T(E;T*ERu*L)
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be the pullback of the standard Hermitian connection in £ by u. We define

D € T'(Mg g0y (P, d); Hom (Lo @ Vo, eviL))
= T (M {07 (P", d); Hom (Lo, Hom(Vy, evi L))
= F(ﬁ07{0}uJ(P”, d); Hom(Vo, Hom(Lg, evjL)))
by D€ =Vl VEEH(Siu L),

where zo(X,u)€X is the marked point labeled by 0 as before. We note that D¢ vanishes identically
on the subvarieties My »(P", d) with o€ Ag(d, J) defined in Subsection 3.2.

If X and J are finite sets, let

Py Yons) — Mo e,y (P, d)

be the vector bundle induced by £, where Mg v sy (P",d) is as in Subsection 3.3. It is immediate
that

Vr,g) = {(&)iex €EP 7 Vo evo (&) =evo(&y) Vi, i’ €R} = Mg x ) (L, d).
1€EXN
Note that for every o= (m; Jp, Jp)€ Ao(d, J),
Vo =TEV (], 1) — Mo 1ouimus X Mo (ml,) (B", d),
where 1, is as in Subsection 3.2.
Lemma 5.3 IfdcZ*, J, L, and Vy are as above, the bundle homomorphism

Do € T' (Mg {oyus (P, d); Hom(Vy, Li@evi L))

is surjective on the complement of the subvarieties Mg »(P", d) with o € Ag(d, J). Purthermore, for
every
o=(m;Jp,JB) € Ao(d,J),

the differential of Dy,
VDo: N,, — 1 Hom(Vy, Li®eviL) = mpLo@mnpHom(V (), 15): €V L),
in the normal direction to the immersion v, is given by

V9

I * ok .
L@t Lo = TpS;@mpT; Do Vi e [m],

where s; is the homomorphism defined in Subsection 2.2.

Lemma 5.3 can viewed as the analogue of Lemma 3.8 for vector bundle sections. The first claim
of Lemma 5.3 is an immediate consequence of the fact that

H' (S;u*Lo0(—22)) = {0}

for every genus-zero stable map (X, u) and a smooth point z € ¥ such that the restriction of u to
the irreducible component of ¥ containing z is not constant. The second statement follows from
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[25, Lemma 4.2].

With notation as in Subsection 3.3, let
D) € T (Mg, 0,) (P, d); Hom (Vi ), Hom(Fiy g, evpL)))
= T (Mg, .y (", d); Hom(Fn 1y, Hom(Viw, ), evgL)))
=T (Mo, x,) (", d); Hom(Fye 1y @V, 1y, €vp.L))
be the homomorphism defined by

Vi, jEN.

m Do, if j=1i;
D, —{ ’

T Lo®mVo ) , otherwise;
It induces a section
o EF(EDT&(N’J) (P™, d); Hom (v, 5y, WEDF(R‘J>HOIH(V(N7J), evyL)))
= [(MG 0, ) (P", d); Hom (g, Vinry E§® 7, evi.L)).-

This section vanishes identically on the subvarieties 5?8’ o(P",d) of ﬁg ®7) (P™, d) with o€ Ap(R; d, J),
defined in Subsection 3.3.

Lemma 5.4 The bundle homomorphism
Do € T(M () (P, d); Hom (3 oy Y0 EG®TE,  eviL))
is surjective on the complement of the subvarieties 5?879* (P™, d) with o* € Ap(X;d, J). Furthermore,
for every o* € Ap(R; d, J) as in Lemma 3.10, the differential of 550,
VDo: Ny e —>L§7Q*Hom(7ri§F(N!J)V(NJ), ES@W}(NJ)eVSE)
= W}ES®7T*BHOIH(V(NB(Q*)7JB(Q*)),eVgﬁ),

in the normal direction to the immersion g o+ is given by

VD0l s g peomyms Lo = TPI00)ETET Do Vi€[my], IERP(PT),
and Vo = mpid@TED (85(0%),J5(0%))>
LO,Q*

where sq 14 i the homomorphism defined in Subsection 2.4.
This lemma follows immediately from Lemma 5.3.
Proposition 5.5 With notation as above, there exists a surjective bundle homomorphism

D7) € D(Mg x5 (P d); Hom (74 5 1) TBF ) VR,I)» E* BTG, (8,7)TBF ) evpl))

such that
Downlery , =Dolery, ,»  where
IEDF(ON,J) =Pl — U i)1718,£,(]1”””‘,d) C smgm,) (P", d), Mo, x,.7) (P, d).
0€A0(N;d,J)
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In fact, in the notation of Subsection 3.4, for every p € {0}U.Ap(R;d,J) there exists a bundle
homomorphism

D, € F(mg’(NJ);HOIII(?TZWE»F(NJ)V(N,J),EZ@W:WEF(NJ)GVSE))
such that B _
(i) the restrictions of ®, and D to PF] (ON’ J) agree;
(ii) @, is surjective outside of the subvarieties zmg, o+ With 0" >g;
(iii) D o vanishes identically on the subvarieties ﬁ& o+ With 0> g;
(

iv) for each ¢* > p, the differential of D o in the normal direction to the immersion ¢, o«
is given as in the statement of Lemma 5.4, but with s ;) replaced by S p g (), (1,i)

Similarly to the construction of the bundle sections D, in Subsection 3.4, we construct the bundle
homomorphisms D o inductively starting with 50 and twisting by the exceptional divisor at each
step. The inductive assumptions (i)-(iv) are analogous to (I3), (I4), and (/12) in Subsection 3.4
and are verified similarly. Of course, we take

Dny) =D

Omax *

5.3 Structure of the Cone V{,
In this subsection we describe the structure of the cone
po: My k(L. d) — My (P, d),

restating the primary structural result of [Z5].
For each element o= (m; Jp, JJg) of Ai(d, k), let
_ _ _0 _
V?,a Eml,d(‘cv d) =P ! (ml,a) C V?,k Eml,k([” d)?

with ﬁ?p as on page 50. The subvarieties 90 , (L, d) of My 1 (L, d) can also be defined analogously
to the subvarieties MMy »(P™, d) of My (P", d); see the beginning of Subsection 1.2. Similarly to
Subsection 4.2, let

. —0
G0 M (1p(0).7p(0) X Vs(0)Js(0) — Ve C Vik

be the natural node-identifying immersion so that the diagram

——0 jO,a

0 0
M (1p(0),Tp(0) X VRE(0),75(0)) Vie C Vi
id Po,o lp()
——0 — Lo,o — —0
My tp0)p@) X Mope)ds) — My, C My,

commutes.

Lemma 5.6 If d,n € Z1 and k € Z*, the collection {Jo.otoe A, (k) of immersions is properly
self-intersecting. For every o€ A1(d, k),

id : * A rid
/\/}o,i = {1d><p0,a} Mo,i

is an idealized normal bundle for jo ..
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The differential dpg of pg induces a surjective linear map
Imdjo» — Imdig .
Since the fibers of pg are vector spaces, it follows that dpg induces an injection
G0 TOVY, JTImdjo,, — 1, TOM; 1, /Tm dig o

Thus, Lemma 5.6 follows from Lemma 4.7.

We denote by V! . the main component ﬁ?k([,, d) of the moduli space My 1 (L, d). If o€ Ay(d, k),

we put

1,(0)

WY =G (V) =dos V)N Vi)
Note that
{idxpoo } (W) = 20 = 155 (T (5))-
Let NW9 CNj% be the normal cone N, V9 for Jo.olwo in Vl,(O)’ Its structure is described in
Lemma 5.7 below. Let

-0 an * ide * Tk * *
Do.0 € DM 11(0).75(0)) * 0,035 (0),75(0))F HOM(TE Vi35 (0), 75 (07) Hom (N7 TpEg @ e L))

L0,0?
50 M ide *
= DM, (11(0), 70 (o)) X Do, (85(0). 75 (o) Bom NS mHEG @1 5Hom (Vi (0,75 (o)) ©V0L)) )

L0,0?

be the section defined by
90,0

K * % .
nhLi®@ngmiLo Tpsi@TpT; Do, Vie[m],

where s; and D are as in Subsections 2.2 and 5.2, respectively. If § €T BV, (0),75(0)), We Will view
D0,0§ as a homomorphism

ide ide * Tk * *
D008 Moo le =Nio Laxponye) — TPESOTEVEL s, o)

Lemma 5.7 For allo€ Ai(d, k), V? 0) is a proper subvariety ongk, relative to the immersion jo ..
The homomorphism B
NWY — {id xpoo }* N 22

induced by dpg is injective. Furthermore,

WO‘ZO = {£€WBV Rp(0),JB(c ‘ZO ker {QO ag}‘/\/’go‘{ 7&{0}}

idxpg,o }(€)
0 ide 0
and  NW,|, = ker{@ogf}‘/vzo'{ldxpo o S Nios VEEWS| -
Finally, WY is the closure of W2|Zg m Ml,(IP(U),JP(O')) XV(Rp(0),75(0)) and NWY is the closure of
NWg‘WO\ n N;gi
alz0

Since the fibers of pg are vector spaces, the first two sentences of this lemma follow from Lemma 4.10.
The middle claim of Lemma 5.7 is a restatement of [Z5, Lemma 3.4]. The remaining claims of the
lemma follow from [Z5, Lemma 3.4] by dimension counting, similarly to the argument following
Lemma 4.10.

Remark: It may appear that the statement of Lemma 5.7 depends on the choice of a hermitian

connection (or metric) in the line bundle £ —P". As explained in detail in [Z5, Subsect. 3.3], the
dependence is only on the holomorphic structure of L, as the case should be.
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5.4 Desingularization Construction
In this subsection we lift the inductive blowup construction of Subsection 4.3 to the cone
=0
Po: V?,k — mek.

For each o€ A;(d, k), let V‘f’kzw;]}?,k be the pullback of Vﬂk to ﬁfk

To

o —, %10 0
Vl,kzﬂavl,k Vl,k

Po Po

a To =0
my My
For each o’ € A;1(d, k), let

Vﬁo-/ = Vf’k‘ﬁia’ = ﬂ';l(v?,k —0"0/).

The bundle homomorphisms jg - lift to bundle homomorphisms onto V7 _, covering the immer-
sion ¢, o of Subsection 4.3:

Vi * * ja,a/ o o
Ml?(IP(U/)v‘]P(Ul)) X ﬂ—gdl(U)T(PF(R,J)V(NB(U’),JB(O'/)) VLO', - Vl’k
/ .
g SO’. lld lpo,cr’ ‘pg
Vi anoy1(0) lo,o’ =0 —
M (1p(6"),Tp(0")) X mO,(NB(U’),JB(a’)) My g C Myp
ﬂpd/(a) v Jo,o’ Vo o Yo
1L,(Ip(o’),Jp(0") * Y(Rp(0"),J5(0")) 1o/ 1k
o >0 d lp‘”" Jpa
P (9) — boo! e e
M o0 7p(0)) X 0,85 (") 5 (o)) M, C My,

The collection {ty o }orea, (d,k) of immersions is properly self-intersecting by the inductive assump-
tion (/14) of Subsection 4.3. Thus, by the same argument as in the paragraph following Lemma 5.6,
so is the collection {j, o} 4 e, (a,r)- Furthermore,

Njee, = {idxpgo } N, (5.1)

is an idealized normal bundle for j,,. These two observations also follow from Lemma 5.6 by
induction using Lemmas 4.2 and 4.3.

Lemma 5.8 IfocA;(d, k), Vf;l is a smooth subvariety of Vfgl and
Poi Vi — My

is the idealized blowup of Vf’;l along V‘f;l.

Recall from Subsection 4.3 that the immersion

_ — >y ——o—1 ——o—1
fo—1,0% (M1 (Ip(0),7p(0)) X Mo, 8p(0),T5(0))) [ Go — D, C My
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induced by t;_1, is an embedding and
oo Dy — ﬁﬁl
is the idealized blowup along ﬁf? Thus, the immersion
Jo-1.0t (Mi(1p(0)0(0) X Vita(o)a(o)) [Go — Vig' C VI
induced by jo—1,5 is also an embedding and V{ ;1 is a smooth subvariety of Vi ;1. Let
oV — V7!
be the idealized blowup along V‘i ;1. Since

Nide — {idxpgfl,g}*./\[ide

Jo—1,0 lo—1,0
and the linear map
. — . ano—1
j;—l,achikl/Im d]cr—l,cr — L;—l,aTcgﬁik /Im chr—l,cr

induced by dp,_1 is injective, p,_1 lifts to a map p over the blowdown maps 7,:

We show in the next paragraph that f is an isomorphism. Since 7;V7 ;1 = V7., this implies the
second statement of Lemma 5.8.

By construction, the maps
. == —o—1 - _
Mo zm‘{k — Dﬁfk and 7,V — V7!
are isomorphisms on the complements of the idealized exceptional divisors

., . _, .
m;, = 5;%‘;,,1 COYy  and V], =EFL CV.
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Thus, f:V——7;V;\ is an isomorphism over the complement of ﬁig in ﬁik' In particular, f is
linear on all fibers of p. Furthermore,

VI ‘ﬁi’,o = {(t,v) eIP’/\/’%%l XVt fie(0) =po_1(v)}.

On the other hand, since

ide __ % ide
Nvigl _pailNﬁg 1

1,0

by (5.1), we have

o * id o—1 id . _ =
Vl,a = pa—l]P)Nﬁ%;l = {(U)E) EVlJ{; X]P)Nﬁ%(—jl . pa—l(v)—ﬂa(g)}'

Thus, the restriction of f to V7, must interchange v and ¢, i.e. it is a vector bundle isomorphism

over ﬁik- Finally, ﬁ;’;l is a smooth subvariety of V7 ;1 and
TER V) = T, = TOW, ATVt € Tove

Thus, similarly to (1) of Lemma 3.3, the proper transform of 277(1’;1 in V is the blowup of ﬁf;l
along

ano—1 ~1 ano—1

mLk ﬁVﬁU :ml’a 5
i.e. V contains ﬁ?k as the zero section. The map f must be the identity on ﬁ?k Since f is a lin-
ear isomorphism on all fibers of p by the above, it then follows that f is an isomorphism everywhere.

Remark: If VY ;1 is a vector bundle over ﬁi;l, the second statement of Lemma 5.8 applies to

standard blowups of ﬁf;l and VY ;1 as well. However, the second statement does not generally
apply to standard blowups in the setting of Lemma 5.8, as the analogue of the morphism f may
not be surjective.

By the inductive assumption (/1) of Subsection 4.3, the projection map 7, is an isomorphism
outside of the subvarieties VY, with o' <o. We denote by

Vi) © Vik

the proper transform of 1} (0)- For each o' e Ai(d, k), let

W3 = Jger (V7 (0)) = Jor (VT (0) V1)

By the inductive assumption (115) of Subsection 4.3, ﬁi,(o) is a proper subvariety of ﬁik with re-
spect to the immersion ¢, ,. Thus, by the same argument as in the paragraph following Lemma 5.7,
the subvariety V{ ) of V7 1s proper with respect to the immersion j; .. Furthermore, if

C Nide

g —
NWg = NW; e C N

o]

denotes the normal cone for j,/ ,|yye, in V7 (0)° then the homomorphism

NWgI — {ld Xpo.’al}*./\/'z_g/
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induced by dp, is injective. These two observations also follow from Lemma 5.7 by induction using
Lemma 4.5.

If UIEAl(d, k), let

~0 _ -~
Za/;B —D (O)HPF(IP(U)JP |9ﬁ0(§%3 JB(U))

By the inductive assumptions (I7) in Subsection 4.3 and (/4) in Subsection 3.4,

zal = L;;/ (ﬁi(o))

[

is the closure of //\/le(IP(U/)’JP(U/)) xég,.B in

—~ o ()
ML(IF’(OJ)’ ( )) g):RQ(NB( )JB(UI))

for all o€ A;(k,d) such that o/ <o.

Suppose o0 €{0}UA;(d, k) and o' € A;(d, k). We claim that
(I1) if o’ <o, then WY, is the closure of

M, (1p (o), dp (o) X ker Dol z0,  C M (1p(01),7p(0)) X TBE( ;) VRE(0"),T5(0")):

Mi(1p(01),0p(0) X Ty, (o) TBE ) YR (0"),T5(0"))
I M (1p(01).7p(0") X Ty, (o) TBF. ) Y R5(0).T5(0")) A0

NWO’ — Nlde

e,

(I2) if o' >0, then W7, and NW?, are the closures of

5P ()

0 _0 o
Worlzo, € My (1p(01), 000 '>>><V(Ns(a’> T80 M Ip(07),7p(07)) X VRB ("), T5(0")
ide ide 1de
| O ./\/']Od ‘WSI‘ZO N N

and Jor?

in Mpc,(/l(gga) Tp(e") XV(NB(U/),JB(U')) and in N’;ii/, respectively.

If =0, the assumption (/1) is trivially satisfied, while (I2) constitutes part of Lemma 5.7. Sup-
pose o € A;(d, k) and the two assumptions hold with ¢ replaced by 0—1. By Lemma 5.8, V7, is

the idealized blowup of VY kl along V7 _*. Thus, by the last statement of Lemma 4.5 both of the
inductive assumptions continue to hold for o' #o.

On the other hand, let

208 = {bE€Mo,5(0).5(0) * KT D p(0).75()) 70}
0 .
W0'§B = {ge V(NB(U)M]B(O—)) ‘2053 : ker {Q(NB(U)’JB(U))g}|kerD(NB(J),JB(d))‘pgil,a(f) # {0}}’ and

0o _ . 0 "
NWeo.p = 1(§:v): €€ Wy, U6ker{go"’g}‘kerD(RB(cr),JB(a))\pgfl,a(@} C Po-10F5(0).15(0)
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By the inductive assumption (/12) in Subsection 4.3,

-0

71 —_ o~
Zy 0 (M (1p(0),7p(0) X Mo,(x5(0), 75 (o)) = M1 (Ip(0)Jp(0)) X Zo;p and

2|5 — 5L ® g ker D .
N O—‘Ml,(lp(o'),JP(o-))XZo';B TP ®7TB € (NB(O-)ﬂ]B(O-))

By the inductive assumption (I2) above, Lemma 5.7, and the inductive assumption (/11) in Sub-
section 4.3, W2~ and NWZ~! are the closures of

Wg‘Zg - {£EW*BV(NB(U)’JB(U))‘269 : ker {90’06}‘N2g‘{idxpo o1 (&) 7&{0}}
and NW2|W3|ZO = {(&v): fEWS‘Zg, kaer{’Doﬁf}‘NZ—gl{idxpo }(g)} C Nide | pide

70,0 Jo—1,0

i My (1p(0).p(0)) X Vg (0).75 (o)) a0 in
Nide = ﬂ-};H"@W*Bpj;*l,O'F(NB(U),JB(U))'

Jo—1,0

As before,

7P, B M (1p(0),7p(0) X VRp(0),75(0) — M1,(1p(0),7p(0))s VR5(0),75(0))

are the projections onto the principle and bubble components. The bundle homomorphisms s; and
3; of Subsection 2.3 agree on

M (1p(0),7p(0)) € Mi(1p(0),7p(0))s M1, (Ip(0).7p (0))-

The homomorphism §; is an isomorphism from L; to E* over M 1,(Ip(0),Jp(0))> and both line bundles
are isomorphic to L. It follows that WJ~! and NWZ~! are the closures of

le,(fp(a),Jp(a)) X Wi.g and  7pL @ TENWY.p
i My (15(0).7p () X V85 (0).J5 () and in
N;f:,g = TpL @ TP 1 o F(Rp(0),75(0))-

Thus, by the first statement of Lemma 4.5,
Wi = Jeo Vi)
is the closure of
P(rpLenpNWe5) = Mi(tp(o)ap(e) X BNWGp = Mi(1p(0),10(0)) % ker Doz
C PN, = My (15(0). 0 (0) X T3 F 1, ViNs (0), /5 ()

i.e. the first part of the inductive assumption (I1) for o’ =0 is satisfied. Furthermore, by the second
part of (1) of Lemma 4.5,

NWg = ’va,;l‘Wg = {iprU,U}*Pyﬁ‘l’j‘Wg = {iprU,U}*N’Liii‘wg :A/;32|Wg‘
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We have thus verified the second part of the inductive assumption (/1) for o' =o0.

Since the immersions i, with ¢’/ <o are embeddings by the inductive assumption (I8) in Subsec-
tion 4.3, so are the immersions

*

Joo: (M (100, 0(0") X g ()T F ) V80,050 )) | Gt — VIt C VT,
induced by js .. In particular, all of the morphisms
Jomaxo s (M1(1p(0"),7p(0")) X WS,(NB(a/),JB(U’))ﬂik”F(N,J)V(NB(U’),JB(U’))) /Gor
— Yy C VPR = 70 k(L d)

are embeddings. On the other hand, by the inductive assumption (I1),

Wer = W =51 () ,(L,d) = 5,0, (V)

is the closure of
M (1p(1),0p(0) X ker Dol 50, C M (1p(07),7p(0) X 0,085 ('), T2(0") TB ) Y RB(0"),T5(07))-

By Proposition 5.5 and the inductive assumption (/8) in Subsection 4.3, this closure is

M (15007, Tp (")) X KT D (1(07),7p(07)) \Z~U,;B , where

-1
2518 = D1 (0),5p(0)) (0)-

Since the bundle section 5( Ip(0"),Jp(0")) 18 transverse to the zero set, ZVU/; B is a smooth subvariety
of m07(fp(01)’JP(U/))(]P)n, d) and

Wor — My (1p(0"),7p (")) X Zo":B
is a smooth vector bundle by Proposition 5.5. We conclude that

MY (L, d) NV

is a smooth subvariety of Z/DVT?’,C(E, d) for all o’ € Ay i(k,d). Its normal cone is a line bundle by the
inductive assumption (/1).

A Most Frequently Used Symbols and Notation

d degree of stable maps to P™

k number of marked points for genus-one stable maps

n dimension of projective space, P"

C,Q the sets of rational numbers, of complex numbers

7,75, 77F the sets of integers, of positive integers, of nonnegative integers
[k {1,...,k}
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Yos VN,J)
s

FQ7 F(N,J)
Fyp, Fos
Go

Im?®,

L

L,;, Li
Lp,i)> Lasiy

o E

MT,(I,JLMI,(I,J)

MU;P:MU;P
Mo,

p
/\/lo p,/\/l07p
Moﬁg, Mo,

M, (P, d)

M, (P, d)
M 5(P" d)

tautological line bundles on PF,, ]P’F(N 7)
natural pairing of L; with E on M ; and with L on M, our; P25
pairing of L,; with E, on ML(LJ) induced by s;, p€ A1(1,J); p28
nondegenerate pairing of L; Wfi\'Eh E on //\/lVL( 1,7) induced by s;; p28

pairing of L,

i) with E, on Mfig induced by 7}'s;, p€.Ao(0); Subs. 2.4

nondegenerate pairing of E(l,i) with E on //Vlvoi, induced by s;; p31

collections of subvarieties of JW% 1, of Mg, uJg; P24, p26

collection of subvarieties of PF,, o

collection of subvarieties of M, x(P",d); p5, p34
collection of subvarieties of PFy 7); p38

“derivatives” of maps at the Oth marked point; p36, p67
“sums” of various Dy, Dg; p4l, p68

= (11, J1)1exn; P30

bundle maps over 5?&7 7 induced by Dn 7y, Dy, JM)44, p69

Hodge line bundle of holomorphic differentials on /\/l1 J
line bundles on M/ (1) M, (1,0), PEAL(L, J), or /Vlo 0 My 0 PEAL(0), O
Dﬁo (R zmo (P d), pe A1(R;d, J), obtained from E, or 7,, or vy, 1);

p28, p31, p44

natural vector bundles over Mo_,, 9 o, (P, d); p29, p37
subbundles of Fx ), 0€.Ao(N;d, J); p39
symmetry group of the immersions ¢4, to* 53 P9
singular locus of immersion ¢; p32

tangent line bundle for jth marked point over M ; or M, ;(P",d), j€J
line bundles on Mi(LJ), ML(LJ), obtained from L;; p€ A1((1,J); p28
line bundles on MVO 0 Mo .00 pEAo( ), obtained from 7 L;; p31
universal tangent line bundle on /Vl1 (1,T) /Vlo .03 P26, p30

the line bundle associated to the sheaf Opn(a), a>0

Deligne-Mumford moduli space of stable genus-g curves with marked
points indexed by the set J

smooth subvariety of M, s, p€.A,(J); p24
exceptional divisor in Mi( 1,7)» proper transform of My e, pyp* e Ai(1, ),

p*>p; p28

p-stage and final blowups of My j,7, p€A1(I,J); Subs. 2.3
the “curve part” of M ,(P", d) and its (final) blowup, o € A;(d, k); p8
moduli space of tuples of genus-zero curves; p29

smooth subvariety of PF,, exceptional divisor in /T/ng’ o PEA0(0); P30
p-stage and final blowups of PF,, pe Ay(o); Subs. 2.4

moduli space of genus-g degree-d stable maps to P™ with marked points

indexed by the set J
subvariety in 9ty (P",

d), O'E.Ao(d, k), or ﬁ(]’J(]P)n

the “map part” of M, ,(P",d); p8, p35

7

d), ce Ai(d,J); p6, p34



Mo, .1y (B, d)
93?879* , 93?879*

moduli space of R-tuples of stable maps; p37
subvariety in PF(y_j), its proper transform in zm& 7 0 o e Ay(N;d, J),

m

(o
M7

)

N,
A/’Lide

0
0,(R,.J)’

5, 1, (P", d)
zm? k(IP)”, d)

0" > 0; p39, p42

o-stage blowup of PF(y ), 0€ Ao(R; J, d); p42

o-stage idealized blowup of 9y ,(P™,d), o € {0} U A;(d, k); p50, p56
main component of My 1 (P", d); p2

desingularization of ﬁ‘f,k (P™, d) constructed in this paper; p7

normal cone for immersion ¢; p32
idealized normal bundle for for immersion ¢; Defin. 4.1

Department of Mathematics, Stanford University, Stanford, CA 94305-2125
vakil@math.stanford.edu

Department of Mathematics, SUNY, Stony Brook, NY 11794-3651
azinger@math.sunysb.edu

References

[ABo]

[BCOV]

[Bea]

[Ber]

[Fo]

[FuP]

[Gal

[Gi]

M. Atiyah and R. Bott, The Moment Map and Equivariant Cohomology, Topology 23
(1984), 1-28.

M. Bershadsky, S. Cecotti, H. Ooguri, and C. Vafa, Holomorphic Anomalies in Topo-
logical Field Theories, Nucl. Phys. B 405 (1993), 279-304.

A. Beauville, Quantum Cohomology of Complete Intersections, Mat. Fiz. Anal. Geom. 2
(1995), no. 3-4, 384-398.

A. Bertram, Another Way to Enumerate Rational Curves with Torus Actions, Invent.
Math. 142 (2000), no. 3, 487-512.

C. Fontanari, Towards the Cohomology of Moduli Spaces of Higher Genus Stable Maps,
math.AG/0611754.

W. Fulton and R. Pandharipande, Notes on Stable Maps and Quantum Cohomology,
Algebraic Geometry—Santa Cruz 1995, 45-96, Proc. Sympos. Pure Math. 62, Part 2,
Amer. Math. Soc., 1997.

A. Gathmann, Absolute and Relative Gromov- Witten Invariants of Very Ample Hyper-
surfaces, Duke Math. J. 115 (2002), no. 2, 171-203.

A. Givental, The Mirror Formula for Quintic Threefolds, Amer. Math. Soc. Transl. Ser.
2, 196 (1999).

78



[LLY]

[LZ]

[MaP]

[MirSym|]

[22]

(23]

4]

23]

M. Gromov, Pseudoholomorphic Curves in Symplectic Manifolds, Invent. Math. 82
(1985), no. 2, 307-347.

M. Kontsevich and Yu. Manin, Gromov- Witten Classes, Quantum Cohomology, and
Enumerative Geometry, Comm. Math. Phys. 164 (1994), no. 3, 525-562.

Y. P. Lee, Quantum Lefschetz Hyperplane Theorem, Invent. Math. 145 (2001), no. 1,
121-149.

B. Lian, K. Liu, and S.T. Yau, Mirror Principle I, Asian J. of Math. 1, no. 4 (1997),
729-763.

J. Li and A. Zinger, On the Genus-One Gromov- Witten Invariants of Complete Inter-
sections, math.AG/0507104.

D. Maulik and R. Pandharipande, A Topological View of Gromov-Witten Theory,
math.AG/0412503.

K. Hori, S. Katz, A. Klemm, R. Pandharipande, R. Thomas, C. Vafa, R. Vakil, and
E. Zaslow, Mirror Symmetry, Clay Math. Inst., Amer. Math. Soc., August 2003.

R_. Pandharipande, Intersections of Q-Divisors on Kontsevich’s Moduli Space
Moy n(P",d) and Enumerative Geometry, Trans. Amer. Math. Soc. 351 (1999), no. 4,
1481-1505.

Y. Ruan and G. Tian, A Mathematical Theory of Quantum Cohomology,
J. Diff. Geom. 42 (1995), no. 2, 259-367.

R. Vakil, The Enumerative Geometry of Rational and FElliptic Curves in Projective
Space, J. Reine Angew. Math. 529 (2000), 101-153.

R. Vakil, Murphy’s Law in Algebraic Geometry: Badly-Behaved Deformation Spaces,
math.AG /0411469, Invent. Math., to appear.

R. Vakil and A. Zinger, A Natural Smooth Compactification of the Space of Elliptic
Curves in Projective Space, Elec. Res. Ann. Amer. Math. Soc. 13 (2007), 53-509.

A. Zinger, Enumeration of Genus-Two Curves with a Fized Complex Structure in P?
and P3, J. Diff. Geom. 65 (2003), no. 3, 341-467.

A. Zinger, Enumeration of One-Nodal Rational Curves in Projective Spaces, Topology
43 (2004), no. 4, pp 793-829.

A. Zinger, Counting Rational Curves of Arbitrary Shape in Projective Spaces,
Geom. Top. 9 (2005), 571-697.

A. Zinger, A Compactification of the Moduli Space of Holomorphic Maps from Smooth
Genus-One Riemann Surfaces, math.SG/0406103.

A. Zinger, On the Structure of Certain Natural Cones over Moduli Spaces of Genus-One
Holomorphic Maps, Adv. Math. 214 (2007), 878-933.

79



[Z6]
[27]

(28]

A. Zinger, Reduced Genus-One Gromov-Witten Invariants, math.SG/0507103.

A. Zinger, Intersections of Tautological Classes on Blowups of Moduli Spaces of Genus-
One Curves, math.AG /0603357, Mich. Math., to appear.

A. Zinger, The Reduced Genus-One Gromov-Witten Invariants of Calabi-Yau Hyper-
surfaces, math/0705.2397.

80



