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Abstract

We transform the positive-genus real Gromov-Witten invariants of many real-orientable sym-
plectic threefolds into signed counts of curves. These integer invariants provide lower bounds
for counts of real curves of a given genus that pass through conjugate pairs of constraints. We
conclude with some implications and related conjectures for Hodge integrals.
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1 Introduction

Gromov-Witten invariants of a symplectic manifold (X,w) are counts of J-holomorphic curves
in X; they are usually rational numbers. However, it is well-known that the genus 0 Gromov-
Witten invariants of Fano manifolds are precisely counts of rational curves; this observation is key
to enumerating rational curves in the complex projective space P" in [11, Section 5] and [21, Sec-
tion 10]. Positive-genus Gromov-Witten invariants of many symplectic threefolds are transformed
into integer counts of J-holomorphic curves in [30] in the process of establishing the “Fano” case of
the Gopakumar-Vafa prediction of [20, Conjecure 2(i)]. In this paper, we obtain a similar result for
the real Gromov-Witten invariants defined in [7]; see Theorem 1.1. The resulting integer invariants
count genus g real curves with certain signs and thus provide lower bounds for the actual counts
of such curves. For example, we find that there are at least 10 genus 2 degree 7 real curves passing
through 7 general pairs of conjugate points in P3? and at least 40 genus 5 degree 8 real curves
passing through 8 general pairs of conjugate points in P3.

A real symplectic manifold is a triple (X, w, ¢) consisting of a symplectic manifold (X,w) and an
anti-symplectic involution ¢ such that ¢*w=—w. A symmetric surface (3, 0) is a closed connected
oriented, possibly nodal, surface ¥ (dimg ¥ = 2) with an orientation-reversing involution o. The
fixed locus of ¢ is a disjoint union of circles. A real map

u:(X,0) — (X, ¢)

is a smooth map u : ¥ — X such that uvoo =¢ou. Let J, be the space of w-compatible almost
complex structures on X and define

JS ={Jed,: ¢*T=—J}.

For g,1 € Z7°, B € Ho(X;Z), and J € J2. we denote by My(X, B; J)?® the moduli space of
equivalence classes of stable degree B J-holomorphic real maps from genus g symmetric (possibly
nodal) surfaces with [ pairs of conjugate marked points; see [7, Section 1.1]. For each i=1,...,1,
let

evi: My (X, B; J)? — X, [u, (2, 20),---, (z;’,zl_)] — u(z]),

be the evaluation at the first point in the i-th pair of conjugate points.

Suppose (X, w, ¢) is a compact real symplectic threefold. By [7, Theorem 1.3], a real orientation
on (X,w,¢) in the sense of [7, Definition 1.2] determines an orientation on the moduli space
M, (X, B; J)? and endows it with a virtual class of dimension

dimpg [y (X, B; )] = e1(B) + 21, (1.1)
where ¢;(B)={c1(TX),B). If p1,...,mue H*(X;Z), let

l .
<H6V2"m, [9,:(X, B; J)d’]m> (1.2)
i=1

be the corresponding genus g degree B real GW-invariant of (X, w, ¢). By (1.1), this number is zero
unless

ngfg(ula ceey Ml)

!
2 dimpg p; = Cl(B) + 21. (1.3)
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In general, this number is rational and includes contributions from lower-genus curves.

In this paper, we determine the lower-genus contributions to the number (1.2). We find that the
real genus h curves with h < g do not contribute to this number unless g and h have the same parity;
see Propositions 2.2 and 2.3. If h <g and ¢g and h have the same parity, the genus h curves do
contribute to (1.2); see Proposition 2.4. These contributions are closely related to the contributions
from genus h curves to the genus (g+h)/2 GW-invariant in the complex setting computed in [19];
see Theorem 1.1. The integer invariants provided by Theorem 1.1 extract direct lower bounds for
the counts of real curves in X from the real GW-invariants of [7].

If (X,w, ¢) is a compact real symplectic threefold, g,1e ZZ°, Be Hy(X;7Z)—0, and Je jf, let
51X, By J)? < My (X, B; J)?

denote the subspace consisting of simple real maps from smooth domains; see [16, Section 2.5]. If
fi: Y, — X, 1<i<l,

are pseudocycle representatives for the Poincare duals of uq, ..., u;, let

ﬁgﬂXJxJW:{(mméhgjgﬂxmﬁﬂ)eﬁgAXszﬁx[]m: ",
i=1 .

5 e(X, B3 J)? = My e(X,B;J)? 0 <£m (X,B;J)? HY)

If EITI;"f(X ,B;J)? is cut out transversely, we denote its signed cardinality by E;fg(J, f).

The expected dimension of M, ;(X, B;J)? is independent of the genus g if the (real) dimension
of X is 6; see (1.1). Thus, one can mix curve counts of different genera passing through the
same constraints. If ¢;(B) <0, then the moduli space of unmarked maps has a negative expected
dimension and all degree B GW-invariants vanish. This leaves the “Calabi-Yau” case, ¢1(B) =0,
and the “Fano” case, c1(B)>0. For g, he Z>", define CN',ifB(g)e(@ by

o b h—1+c1(B)/2
3 O (0)% = (Sm 1/ 2>) . (15)
2 /2

For example,

Chp(2)=

(2h—2+¢1(B)) (5(2h—2+c1(B))—4)
48 T '

23040

Crp(0)=1, Cip(1)=

Theorem 1.1. Suppose (X,w, ¢) is a compact real-orientable symplectic threefold with a choice of
real orientation, g,1€ Z7°, Be Ho(X;7Z), and p; € H*(X;Z) for 1 <i<I are such that c1(B) >0
and (1.3) is satisfied.

(1) There exists a subset jrﬁg(g, B) ij of the second category such that for all h<g:



e the moduli space M} (X, B; J)¢ consists of reqular maps;

e for a generic choice of pseudocycle representatives f;: Y; — X for p;, EmiﬂX,B; J)? is a

finite set of regular pairs ([u, (27, 2,7 ) 1], (yi)i_,) such that u is an embedding.

R Ea !

(2) The numbers E,)f’g(f J), with h<g, are independent of the choice of Jeﬂ‘gg(g, B) and f; and
can thus be denoted EhB(:“h ceey ).

(3) With 5’2(5)(9) defined by (1.5),

Wy (1 om) = D) Cilp (58 EL S (s ). (1.6)

O<h<g
g—he2Z

With €=0,1, (1.6) gives
c1(B)—242¢

GW.5 (1) = EZf (), GWo il () = Byl () + g B (1),
c1(B)+2+2¢
GWI (1) = B2 () + AELEZE 2 e () (L7)
(c1(B)—2 + 2€)(5¢1 (B)—14 + 10¢) _ x4
" 23040 B W),

where p = (pu1,..., ). Different versions of the g =0 case of (1.7) go back to [23, 24, 6, 3]; the
g=1 case is [9, Theorem 1.5].

The analogue of Theorem 1.1 in the complex setting is [30, Theorem 1.5]; it establishes the “Fano”
case of Gopakumar-Vafa prediction of [20, Conjecure 2(i)]. The GW- and enumerate invariants are
then related by the formula

g

with the coefficients defined by
> Ci¥a(a)e - (sin(t/m)?h—““w’
9:0 h,B t/z :

The relation (1.8) is also invertible and determines the complex enumerative invariants from the
GWe-invariants.

The standard conjugation on P? is given by
PP [Zy,...,Z4) — [Z4,..., Z4).

Let £ € Hy(PP?;Z) denote the homology class of a line. By [8, Theorem 1.6] and (1.6), E .. de =0
if d—ge€2Z. In general, the genus g real GW-invariants with conjugate pairs of constraints can
be computed using the virtual equivariant localization theorem of [10]; see [9, Section 4.2]. The
standard complex structure Jps is regular in the sense of Theorem 1.1 and [30, Theorem 1.5] if



d>2g—1; it may be regular for some smaller degrees as well. Thus, Theorem 1.1 provides lower
bounds for the number of positive-genus real curves in P3. Tables 1 and 2 show some complex and
real GW- and enumerative invariants of P3; the complex numbers are obtained from [5] and (1.8).
The numbers in the two tables are consistent with each other as well as with the Castelnuovo
bounds.

The first claim of Theorem 1.1 is standard; see the beginning of Section 2. The second claim follows
immediately from (1.6) and C’ffB(O) =1 for all heZ*. Thus, the key part of Theorem 1.1 is the last
one. Its analogue in the complex setting, i.e. the last part of [30, Theorem 1.5], is deduced from

e [30, Theorem 1.2], which compares the GW-invariants of a manifold with the GW-invariants of
a submanifold which contains all relevant curves, and

e [19, Theorem 3|, which integrates the Euler classes of the relevant obstruction bundles over the
moduli spaces of stable maps into smooth curves.

It should be fairly straightforward to establish the analogue of [30, Theorem 1.2] in the real setting
using the approach of [30]. It does not appear so straightforward to establish the real analogue of
[19, Theorem 3] using the approach of [19] though, as the topology of the Deligne-Mumford moduli
spaces is less well understood.

We instead adapt a direct approach to the last part of Theorem 1.1 and determine the contribu-
tion of every (usually non-compact) stratum of the moduli space of the constrained maps to the
number (1.2). We show that only the simplest possible boundary strata in fact contribute. The
contributions of these boundary strata are given by the number of zeros of affine bundle maps from
the associated virtual normal bundles to the obstruction bundles. In the process, we establish the
real analogue of [19, Theorem 3], but using a different approach (as far as the applications of Hodge
integrals go).

Propositions 2.2-2.4 in the next section decompose (1.2) into contributions from individual strata
of the moduli space (1.4). We deduce (1.6) from these propositions and [19, (1)] at the end of
Section 2. In Section 3, we describe the contribution of each curve C of genus h < g to (1.2)
in terms of the deformation-obstruction complex for each stratum of (1.4) associated with C; see
Proposition 3.1. We obtain Propositions 2.2-2.4 from Proposition 3.1 in Section 4 and establish
the latter in Section 5. In Section 6.2, we compute low-degree real GW-invariants of (P3,74) by
equivariant localization. As a corollary of Theorem 1.1 and these computations, we obtain closed
formulas for Hodge integrals and formulate related conjectures; see Proposition 6.5 and Conjec-
tures 6.6 and 6.7. In contrast to the one- and two-partition Hodge integrals computed in [14, 15],
the equivariant weights in the Hodge integrals of Section 6.2 do not satisfy the Calabi-Yau condition.

We would like to thank J. Bryan, R. Cavalieri, C.-C. Liu, and A. Oblomkov for discussions on
Hodge integrals and the referee for a thorough reading of the paper and detailed comments. The
second author is grateful to MPIM for its hospitality while this project was being completed.



d 1 2 3 4 5 6 7 8
GWoy q 1 0 1 4 105 2576 122129 7397760
GWi4| —& |0| =2 —4 | -ur| 146 2181114028960
GWoa| 355 |0 5 | —m5 | —% | -5 | -2 | —7022780
GWsy | — ﬁ 0l — % % % 202678073 28383604501 13 | _ 11006839487
GW47d m 0 727517360 B 92067821030 B % B 125365750204 T - 1322237 11766332950

Eo.q 1 0 1 4 105 2576 122129 7397760
Eiq 0 0 0 1 42 2860 225734 | 23276160
Es 4 0 0 0 0 0 312 83790 18309660
Ezq 0 0 0 0 0 11 10800 6072960
Egq 0 0 0 0 0 0 605 980100

d 1 2] 3 4 | 5] 6 7 8
GWi,| 1 |0l =1 | 0 | 5| 0 | =8 | 0
GW{,| 0 [0 0 | -1 |0 |-4| 0 |[-1000
awi, | & o] 5 | o [E o [-uE]
GWi,| 0 |0l 0o | =] o0]|-3] o |-ZO
GWid 19120 0 _% 0 % 0 _% 0
GWE, | 0 |0 0 |—g%| 0 |-18| o |40
Eg, | 1|0l =1 | 0 |5 |0 -8 0
Ef, | 0 0| 0 | -1 |0 |-4] 0 |-1000
ES, | 0 |0| 0 0 | oo | -10] o
ES, | 0 |0| 0 0 | 0| -1| 0o | —28
Ef, | 0 |0 0 oo | o | -1 0
E¢, | 0 |0| 0 0 | o] o 0 | —40

Table 2: Real GW- and enumerative invariants of (P3, 74) with conjugate pairs of point constraints



2 Overview of the proof

Let (X, w, ¢) be a compact real-orientable symplectic threefold and Je T It (3, 0) is a symmetric
surface, j is a complex structure on ¥ such that oc*j=—j, and u: (3,0) — (X, ¢) is a real map, we
define

D(u)?” = {€eD(S;u*TX): dpoé = £oo},
IO (u)?7 = {nel (Z;(T*%,)) ®@cu*TX): dgon = nodo}.
If in addition w is (., j)-holomorphic, let
D¢ : D(u)®° — T%L (u)%° (2.1)

be the linearization of the real dj-operator at w.

We take the subset Jrﬁg(g, B) to consist of J in Jf so that D{f is surjective for every simple real
J-holomorphic map u from a genus h symmetric surface (X, o) such that

h<g and {w,us[¥]) < {w, B).

By the proof of [31, Proposition 3.6(1)], which adapts the proof of [16, Theorem 3.1.5] to the action
of ¢, jr‘gg(g, B) is of the second category in Je.

Let g, B, and 1, ..., be as in Theorem 1.1, and Je€ ﬂ‘gg(g, B). With f=(f1,..., fi) as before,
define
MG (By ) = {Imu: ([u, (27,27 )hoy ] (i) ) €900 ¢ (X, By )% (2.2)

i 07

If f is chosen generically, then im;;f(X ,B;.J)? is cut out transversely and is a finite set for all h<g
by [30, Proposition 3.2]; see also [30, Section 1.2]. Furthermore, the collections (2.2) with h<g
consist of smooth disjoint curves meeting the pseudocycles f; at distinct non-real points. Under
these assumptions, we denote by sgn(u) the sign of

[l = ([, (72 ()los) € O (X, By J)*? (2.3)

and define sgng(Im u) =sgn(u).

Under the assumptions of the previous paragraph,

g
Mee(X,B; ) = | | | | Mee(C)?,  where Mye(C)?
h=0 cemy ¢(B;J)

ﬁg,f(c7 [C], J)¢

The domain (X, 0,) of an element [u] of 9, ¢(C)? has a unique smooth irreducible component ¥,,0,
called the center component, so that ug=u|x,,, is non-constant. Each of the remaining components,
called bubble components, has at most one node in common with 3,9 because the elements of (2.2)
are smooth curves in X. We denote by Ty = (ty, my) the pair consisting of the topological type ty,
of the real symmetric surface (3, 0,) and the assignment m,, of [ conjugate pairs of marked points
to the irreducible components of ¥,,.



For each pair T = (t,m) consisting of a topological type of genus g symmetric surfaces (3, o) and
an assignment of [ conjugate pairs of marked points to the irreducible components of ¥, let

M7 ¢(C)? = {[u]eM,¢(C)?: Tu =T} (2.4)

The subspaces M7 ¢(C)? then partition M, ¢(C)? into smooth, but generally non-compact, strata.
We denote by .7, ;(C)? the collection of all pairs T =(t,m) for which the space (2.4) is non-empty.

We will call a topological type t as above basic if it describes nodal symmetric surfaces consisting of
smooth bubble components attached directly to the center component. For any topological type ¢,
let mg(t) be the distribution that assigns all marked points to the center component. We denote
by T (C)? = Zy(C)? the set of all tuples T = (t, mg(t)) such that t is basic.

Given J € Jﬁgg(g, B), let Agl(J ) be the set of ¢-invariant @;-admissible perturbations v of 0y, as
in [6, Section 1], [9, Section 3.1], and [31, Section 3.1]; in the unstable case (g,l) = (0, 1), we take
Ag)’l(J) ={0}. For ve Aj’l(t]), we denote by 90, (X, B;J,v)? the moduli space of equivalence
classes of degree B (J,v)-holomorphic real maps from smooth genus g symmetric surfaces with
[ pairs of conjugate marked points. Let

!
M, ¢(X, B; J,v)?= { (T, (2, 27 ], (w)hey) € My (X, B; J,v)? [ v
i=1 (2.5)

w(zh) = fily) Vi
If f and v are generic, this is a compact 0-dimensional manifold. A real orientation on (X, w, ¢)
determines a sign for each element of (2.5). The signed cardinality ¥90%,¢(X, B;J,v)?| of (2.5)

is the number (1.2). We establish Theorem 1.1 by splitting (2.5) into contributions from the
strata M7 ¢(C)? of M, ¢(X, B; J)? as described by Definition 2.1 and Proposition 2.2 below.

Let X4,(X, B)? be the configuration space of equivalence classes of stable degree B real maps from
genus g symmetric (possibly nodal) surfaces with [ pairs of conjugate marked points. This space
is topologized as in [12, Section 3]. Define

l

X0 (X, B)? = { ([, (27, 20)o] (wi)hoa) € Xga (X B) < [ [Vis w(z) = i) i}
i=1

Definition 2.1 ([13, Definition 2.4]). Let (X,w,®), B, g, [, and f be as in Theorem 1.1 and
Je jr‘gg(g,B). A subset Z =M, ¢(X, B;J)? is 0 -regular if there exist Cntr‘f(Z) €@ and a dense
open subset Ag(J ) CA?Z(J ) with the following property. For every I/GA%(J ), there exist

(a) a compact subset K, c Z,

(b) an open neighborhood U, (K)<= X, ¢(X, B)? of each compact subset K = Z, and
(¢) e (U)eRT for each open subset U of X, ¢(X, B)?
such that

M, ¢ (X, By J,t0)? A U| = Cotrf(2) it te(0,6,(U)), KycKcUcU,(K).



If Zcﬁgf(X, B; J)? is 0-regular, the corresponding number Cntr?(Z) is the ¢ j-contribution of Z
to (1.2).

Proposition 2.2. Let (X,w,¢), B, g,l, and £ be as in Theorem 1.1, Jejr(gg(g,B), and C be an
element of./\/lzf(B; J). For each T€ Z,,(C)?, M1 £(C)? is a dy-regular subspace of M, ¢(X, B; J)?.
Furthermore, Cntr?(EITIT,f(C)‘b) =014 T¢I ().

The implication of Proposition 2.2 is that

g
GW;%;’ (,ul, e ,,ul) = Z Z Z Cntlr(fz> (E)JTT’f(C)‘b)
h=0cemy, .(B;.J) T€Z4.(C)?
g
= Z Z 2 Cntrf (MT’f(C)¢) .

h=0cem? .(B;J) TeT(C)®

It thus remains to reduce the last expression in (2.6) to the right-hand side of (1.6).

For a tuple I=(g1,...,gm) of positive integers, let
(I) =m, Il =g14...4+9m-

For I=(g1,...,9m)and I'=(g},...,g..), denote by t; ;(C) the topological type of nodal symmetric
surfaces consisting of the symmetric surface (C, ¢) as the center component,

e m pairs of smooth surfaces of genera gi,...,gm (the same genus in each pair) attached at
conjugate points of C, and

e m/ smooth symmetric surfaces attached at real points of C.

The set 77 (C)? then consists of the pairs

Trr = (’q,[' (C), mo (7, (C)))

such that 2|I|+|I'|=g—h, where h is the genus of C.

Proposition 2.3. Let (X,w,¢), B, g,l, £, J, and C be as in Proposition 2.2. If I€(Z*t)™ and
I'e(ZHY™ are such that 2|I|+|I'|=g—h and m’ >0, then Cntr?(imTI L £(C)?)=0.
For each I = (g1,...,9m), let Tr =T; ) and denote by Aut(l) < Sy, the stabilizer of I. For each
g eZr, let

P(d) = {(91,- -+, 9m)€(ZF)": git.. .+ gm =g/, meZ>}.
By (2.6) and Proposition 2.3,

Aut(l
GWXE (s o) = 3 3 AL o e(0)%)

I
<hsg ceMs, ((B;J) I€P((9=h)/2) 4D

- (2.7)
g—he2Z

The last contribution is described Proposition 2.4 below.



For ¢'€Z™", we denote by ﬂngl the Deligne-Mumford moduli space of stable genus ¢’ one-marked
curves. Let

E,L — Mg/’:L (28)

be the Hodge vector bundle of harmonic differentials and the universal tangent line bundle at the
marked point, respectively. Let Ay =ck(E), 1»=c1(L*), and

Ty, TC Mg',l xC — Mg/,l, C (2.9)
be the component projection maps. Let

g -1
Qg = J )‘g’—l)\g’< Z (_1)7”/\er —1—7‘) )

g1 r=0
For each g.€Z>", define

Opton = Yy BB (e (2.10)

(915--,9m)EP(ge) i=1

Proposition 2.4. Let (X,w, ), B, g,l, £, J, and C be as in Proposition 2.2. For each element
I=(g1,---,9m) of P((g—h)/2),

Cntrf (M ¢(C)?)
i—1
sgnf C f % Tk * (g r i—1—r
CQi Y E ®7T NXC -1 )\ngz )
~ 2m|Aut(]) |H< Mg, 1 %C o (75 ¢ ) 7;)( )
where NxC is the normal bundle of C in X.

We now proceed as at the end of [19, Section 2.3]. Since )\g, =0 by [17, (5.3)],
Cog (TR B*@ENXC) = =73 (Ag—1Ag) - ¢ 1(NxC). (2.11)

Since

L e1(NxC) = e1(B) — (2—2h), (2.12)

Proposition 2.4 thus gives

Cntr{,"j (Dﬁfr]’f(C)‘ls) = sgne(C)

[T((-1)%qy,) .

(2—2h—c1(B))™
|

2m | Aut (1) P
Combining this with (2.7) and (2.10), we obtain
ngg(/‘lv"-:/‘l = Z ZChBTthnf ZCthT hﬁ(f J).
0<h< 4 0<h<
g—nhezy, CEMne(B3J) o—hesy

We show below that 6’,5( p(g) satisfies (1.5). This implies (1.6) and thus establishes Theorem 1.1.

10



By the g=0 case of [19, (26)] and [19, (1)],
a0
=1

o (Spee)- (22)”

Thus, by (2.10),

0¢]

a;fB(gC)ﬁgc = exp <(1—h—cl(B)/2) Z ag/(it)2g/>
=0 g'=1

gc=

 (sin(ity2) \" B2 sginn(gy2)\Hre )2
O it)2 - t/2 '

Thus, Ci¥ 5(9e) = Cp(9e)-

3 Stratawise contributions

Proposition 3.1 below relates the contribution of each stratum mT7f(C)¢ in Proposition 2.2 to
the zeros of a bundle map from the space FT° of smoothing parameters to the obstruction bun-
dle Obs‘f}. For the purposes of Proposition 3.1, we describe the structure of M7 ¢(C)® in detail in
terms of graphs.

3.1 Rooted decorated graphs

A graph (Ver, Edg) is pair consisting of a finite set Ver of vertices and an element
Edg € Sym™(Sym?Ver)

for some meZ>°. We will view Edg as a collection of two-element subsets of Ver, called edges, but
some of these subsets may contain the same element of Ver twice and Edg may contain several copies
of the same two-element subset. Hereafter we use w and e to denote vertices and edges, respectively.

An S-marked decorated graph or simply decorated graph
T = (Ver,Edg, S, g, m) (3.1)
consists of a graph (Ver, Edg), a finite set S, and maps

=0

g: Ver — Z and m: S — Ver.

We define the arithmetic genus g,(7) of T as in (3.1) by

9a(T) =pa+ >, 8(w),

weVer

where p, is the arithmetic genus of the graph (Ver, Edg). For each we Ver, let

valy(T) = 2g(w) + |m ™ (w)| + [{eeEdg: wee}

)

11



with each e = (w,w) counted twice above. A decorated graph 7 as in (3.1) is called stable if
valy, (7)) =3 for every we Ver.

A decorated subgraph of a decorated graph 7 as in (3.1) is a decorated graph

T'=(Ver',Edg’, 5", ¢/, m) (3.2)
such that Ver’c Ver and
e Edg’' c Edg is the subcollection of the edges with both vertices in Ver/,

e S’ is the disjoint union of m~!(Ver’) and the subcollection Edg’® = Edg of the edges with one
vertex in Ver’ and the other in Ver—Ver/,

o g = 9lver’»
o |1 (Ver') = M1 (very and m’(e) =w if ee Edg’® and enVer' = {w}.

Thus, we choose the vertices Ver’ = Ver to be contained in 7’ and then cut the edges starting
in Ver’, but ending in Ver—Ver’, in half and thus convert them to marked points. We define the
complement of a decorated subgraph 7 as in (3.2) to be the decorated subgraph

(T")° = (Ver', Edg', 5", g'¢, m") (3.3)

of T with Ver’ = Ver— Ver'.

An involution o on a decorated graph 7 as in (3.1) is an automorphism of the graph (Ver, Edg)
and the set S such that

coo =id, goo =g, com=moo. (3.4)

In such a case, let V& (7)< Ver and EZ(7) c Edg be the subsets consisting of the fixed points of o
and
Ve(T) = Ver—Vg(T),  Eg(T) = Edg—Ex(T).

A rooted decorated graph
T = (Ver,Edg, S, g, m; 0, wo) (3.5)

is a connected decorated graph with an involution ¢ and a special vertex wge Ver, called the root,
such that o(wo)=wp and

e there are no loops in (Ver,Edg) passing through wq (i.e. removing any edge containing wy
disconnects this graph), and

e val,(7) =3 for all weVer—{wo};

see Figure 1. In such a case, let Eo(7)cEdg be the subset of edges containing the root wy and
0.c(T) = Eo(T) n E&(T), or(T) = Eo(T) n ER(T).

Since Eo(T) is preserved by the action of o, so is E¢ (7).

12



® : the root vertex
: the center
---: the fixed locus

Figure 1: A rooted decorated graph representing an element 7 of 7% 3(C)?

A rooted decorated subgraph of a rooted decorated graph 7 as in (3.5) is a rooted decorated graph
T = (Ver/,Edg’, S’,g/,ml;al,wo) (3.6)
such that (Ver’,Edg’, S, ¢/, m’) is a decorated subgraph of (Ver, Edg, S, g, m) and

/
0 = U|Ver’|_1Edg/uS"

The complement (77)¢ of a rooted decorated subgraph 7" as in (3.6) is the complement of the dec-
orated graph (Ver’,Edg’,S’,¢’,m’) in (Ver,Edg, S,g,m). This is a decorated subgraph preserved
by o.

We define the center of a rooted decorated graph 7 as in (3.5) to be the maximal rooted decorated
subgraph
7T = (Ver?, Edg?, S°, ¢°, m%; 0°, wy) (3.7)

such that

9a(T) = g(wo) + ga ((T)°). (3.8)

The assumption that no loop in (Ver, Edg) contains wq implies that each rooted decorated graph
has a well-defined center. The complement of the one-vertex decorated subgraph

To = ({wo}, &, So, g0, {So—wo}; 00, Wo) (3.9)

of T containing wo consists of connected decorated subgraphs 76/;3 of T° indexed by the edges
e in Eo(T). If e is in Eo(T)nS°, we define 7j,, = &. The assumption that val,(7) >3 for all
we Ver—{wo} and (3.8) imply that each 7g,, is a stable graph and g(7..) =0. For each eeEo(T),
let

76?6 = (Verg;evEdgg;ev Sg;evgg;e»mg;e) (3.10)

be the decorated subgraph determined by Verf,. = Ver(7g..)uo(Ver(7g.)).
Let 7 be a rooted decorated graph as in (3.5), 70 be its center as in (3.7), and

T¢ = (Ver®, Edg®, 5¢, g°,m®) = ((Ver?)®, (Edg?)", (5°)%, (g°)¢, (m")°) = (T°)° (3.11)
be its complement. Let

E.(T) = Edg — (Edg”UEdg?), Elc(T)=E«(T)nEL(T), Elg(T)=E.(T)nEL(T)
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be the edges separating the center 7° of 7 from its complement 7¢. Thus,
Edg = Edg" U E.(7T) u Edg". (3.12)

The decorated subgraph T°¢ is the disjoint union of the connected decorated subgraphs ’T,’; . indexed
by the edges eeE4(T). The assumption that val,(7) >3 for all we Ver—wyq implies that each 7/,
is a stable graph. For each eeE.(T), let

7:(;7e = (Verc:;ea Edgc:;ea S:T;ea gc:;ea mf;e) (3 13)
be the decorated subgraph determined by Ver{., = Ver(7,..)u Ver(c(7,..)). Define

()t Ee(T) — Eo(T) by  ee ST u{le)} VeeEldT),
Aute(T)= {ge Aut(T): g-e=e VeeE, (T)}, Aut*(T) = Aut(T)/Aut.(T) . (3.14)

3.2 The strata of M, ¢(C)?

We recall the notion of a nodal go-doublet introduced in [9]. It is a two-component nodal symmetric
surface (X, o) of the form

Y=1uXs = {1} x 3 u {2} x X, o(i,z) = (3—i,2) V (i,2)eX, (3.15)

where Y is a connected oriented, possibly nodal, genus gy surface and 3 denotes X with the op-
posite orientation. The arithmetic genus of a gg-doublet is 2gop—1. The components of 3 are ordered.

If S1 and S> are finite sets with a fixed bijection og between them, let ﬂ;go,l’(slus%os) denote the
moduli space of stable nodal ggp-doublets with the first component carrying the S;-marked points
and with the marked points interchanged by the involution og. Similarly, if S is a finite set with an
involution og and geZ> is such that 2g+|S|>3, we denote by RMy, (5,5 the Deligne-Mumford
space of real genus g curves with marked points indexed by S and their type (real vs. conjugate)
characterized by og. Let

Ly, E — ﬂ;5}()—17(511452705)’ Rﬁ%(SJS) (3.16)

be the universal tangent line bundle for the i-th marked point for each 1€ .5711155,.S and the Hodge
vector bundles of holomorphic differentials, respectively.

For each e€ Ef (7)), E{.c(T), we denote by

MT e © My, (75,058,000 Moa (T2 (55,00)

0se?

the open stratum consisting of the symmetric surfaces (X, o) with o-compatible complex structure
whose dual graph is 77, or 77, with involution o. For each ee Efy(T), E{x(T), let

MT g @ RMg, (7 ) (55,00 BM o (72,),(52,..0)

be the analogous open stratum. If e€ Eo(7) and 7, = &, we define M7 ;.. to consist of one point.
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We now return to the setting of Proposition 2.2. If f is generic, the smooth embedded real curve C
in (X, ¢) intersects the images of f1,..., f; at distinct non-real points

Zf(C)ECﬁfl(Yl), ey ZZ-F(C) ECﬁfl(YE)

Let z; (C)=¢(z;(C)). The dual graph of an element [u] of M7 ¢(C)? is a rooted decorated graph
which is completely determined by the pair 7 = (t,m). The center 7° of T corresponds to the
maximal connected union X¥ of the irreducible components of the domain ¥, of each element
of 93?77f(C)¢ such that XU contains the center component Yu0. The topological components of
the complement of .0 in X0 are the trees f]g;e of spheres corresponding to the graphs 76’;6 with
e€Eo(T)—S%; we define f]g;e = if eeEo(T)nSY. The topological components of the complement

we Of the irreducible components of %, corresponding to the graphs

T... with eeE.(T); the sum of their arithmetic genera is g—h. For now on, we will not distinguish
a pair 7 = (t,m) from the associated rooted decorated graph.

of X9 in ¥ are the unions S

For each ee Eo(T), let Sc(7T )< .S be the subset of the marked points of 7 carried by the connected
component of the graph obtained by cutting 7 at the edge e which does not contain wq. If
TeZ,,(C)? is as in (3.5), then

S = {1+71_7"'7l+7l_}> ga(T) =9, g(WO) :h‘7 (317)
1Se(T)| <1 VeeEfc(T), Se(T)= VecEGx(T); (3.18)
the last two properties hold because the points z{ (C), ...,z (C) are non-real and distinct. Define

Cr = {(ze)eeEo(T)eCEO(T): ze# 2o if €€, ze=25(C) if So(T)={i*}} = cEo(M),

The involution o of T acts on C3 by
(0(2)), = 0(20(e) ¥ 2=(2c)eecko(T) - (3.19)
We denote by C77 < C5 the fixed locus.
By (3.18), we can choose Ef. (T) = Ef¢(T) such that
§.c(T) =E§ (T)uo(E (T)) and  Se(T)n{l7,...,I"} =& VeeEf (7).
We then choose E., (T) =EJ ¢ (T) such that

w(M) =EL (Mue(EL(T)) and (e (T)vEGR(T) VeeEl (7).

Let
0:>(T) =EG(T) uEGR(T),  E3(T) =EJ(T) wESR(T).
We take N
M7 (C)? = [ [M70e x C3°. (3.20)
ecEf. - (THuEZ - (T)

The actions of the group Aut*(7) on E¢(7) and E.(7) and the possible changes in the subsets

0+(T) = Ege(T)  and  EJ(T) < EQc(T)
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induce an action of a group m*(T) on (3.20). The natural node-identifying immersion
o7 g My p(C)? — My e(C)° (3.21)
is m*(T)—invariant.
For each ee Ef._(7), E{..(T) and ee EJ(T), denote by
TTe: i)fi)VTT,f(C)‘ZS — M7 5 and TCie: ﬁtT’f(C)d) —C
the corresponding projection maps. For eeo(Ef. (7)), (E7. (7)), let

TTie =TT i0(e): M7 £(C)? —> M7 5i0(e)-

For each ee B (7)), let
Ee — M7 £(C)? (3.22)

be the subbundle of 77%‘—; E consisting of the holomorphic differentials supported on iZ;e- For each
e€EJR(T), let
Ee =74 E — M7 ¢(C)°. (3.23)

The involution o lifts to an R-linear isomorphism
Ge: B — Ej (), {Ge(n)} (k) = n(ccorodo) € C VneE;, keEq(e,
where ¢c: C— C is the standard conjugation. Let

Obsy = @ Ef@nfTX — Mre(C)°. (3.24)
eeEq(T)

The involution ¢ acts on Obsy by
¢ (77@®}/e) = (ae (776)) ® (dz<e>¢(}/6)) € E;(e)®ﬂg;a<e>TX Veek, (T)? Ne € E:7 Yee 7[-§;<13>T‘X'

In other words,
{o)}H(Ke)eena() = (dzy @ (nlecoke0dn))) g o7y ¥NEODST, hie€Ee, e€EW(T).
We take the obstruction bundle
Obsf- © Obsy — M7 ¢(C)* (3.25)

to be the fixed locus under this action.

Let ﬁef)’)VTT’f(C)d’ with u=¢7¢(1) as in (2.3). For each ee E,(7T), u is constant on the support of
the elements of E.|g (which is contained in X, ) and sends it to ¢,y (1) €C. Thus, we can define

Oy: I (% 775y ®u*(TX, J)) — Obsrly by

{0a(M} ((Ke)eera(r)) = (2177fi e /\77> o V ko €Buly, c€E(T). (3.26)

c
ue
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If n is (¢, oy )-invariant, then Oy (n) EObS?—’ﬁ. A Ruan-Tian deformation v for maps from genus g
curves with 2/ markings into (X, J) as in [4, Section 2] determines elements

va € (3 T*¥9 @u* (T X, J)) and vr(u) = O(vy) € Obsﬂﬁ.
If I/EAZ) ,(J), then U7 takes values in Obs?-. The homomorphism v — Uy surjects onto the sub-

—~ %
space of Aut (7 )-invariant sections.

For each edge e = (w1, wsz) in Edg, we denote by INLe the tensor product of the two complex line
bundles corresponding to the tangent spaces of the irreducible components ¥,,.,,, and X, of X,
at the node e. Let

Tppt FT = ( @Ee) / Auta(T) —> M7 ¢(C)°. (3.27)

ecEdg

We fix an A\Lft*(T)—invariant and involution-invariant metric on 7 and for each §€R define
FTs = {veFT: |v|<d}.
The involution o acts on £7 by
(0 ((ve)ererag)), = do(vy)) ¥ ecEdg.

We denote the corresponding fixed locus by FTe.

If 7=(t,m) with t basic, then Edg=E,(7) and

FT= @ TT1eLe®7g. o TC . (3.28)
eeE.(T)
Define
Dr: FT — Obst, {D7((0e®vi)eern ()} (Fe)ecra()) = (Ke(Ve)viey) e (rys (329

with k.€E.. The homomorphism D7 restricts to a homomorphism
¢ . T ]
between the fixed loci of the two bundles.

The bundles FT7 and Obs?— form a deformation-obstruction complex for 90, ¢(X ,B;J)? over
M7 ¢(C)?. The choice of real orientation on (X,w, ¢) orients this moduli space and thus the total
space of the vector bundle
4 ~
W}TJObsT — FT7, (3.30)
where 7z, FT7 —> ﬁT,f(C)‘z’ is the bundle projection map. Since the dimension of the total
space of FT° and the rank of Obs?} are the same, every transverse zero of a section ¥ of (3.30)
thus has a well defined sign. The next structural proposition will be proved in Section 5.

Proposition 3.1. Let (X,w, ¢), B, g,l, and f be as in Theorem 1.1, J€ jr‘ﬁg(g, B), C be an element
of Mﬁ,f(B5 J), VG.AZ)J(J), T=(t,m)eZ,,(C)?, and K =My ¢(C)? be a precompact open subset.

17



(1) If t is not basic and v is generic, there exist §,(K)eR™ and an open neighborhood U, (K) of K
in Xy¢(X, B)? such that

My e(X, B; J,tv)? nU(K) =& ¥ te(0,6,(K)). (3.31)
(2) If t is basic, there exist 6,(K)eR™, a family
Uys(K) € Xg5(X,B)?,  6¢(0,6,(K)),
of neighborhoods of K, continuous families of continuous m*(T) -tnvariant maps

7 ﬁfi(K)’L}%(K) — Uy, k(K), e FT7 —RY, te (—6,(K),d,(K)),

and a continuous family of m*(T)—sections

\IIT;tVeF(}N'%‘i(K)h;}f( : fTaObsT) te (=6, (K),o,(K)), (3.32)

such that O, is a degree ]m*(T)\ covering of its image,

®10 () T T eTs0l,21 (1) = 0, (3.33)

LTf K)

prm V) — (D¢(v)+wT( 7o (U )H e (0) (V] +]t]), (3.34)
D7, (U7, (0 YAFTE) = My e (X, B; J,t1)? AU, 5(K) ¥ te(—4,8), 6€(0,8,(K)). (3.35)

If in addition v is generic, te (—6,6), and 6€(0,d,(K)), then
O Ul (0)NFTY — M e(X, B; J,tv)? AUy (K) (3.36)

preserves the signs of all points.

4 Proofs of Propositions 2.2-2.4

We will next deduce the three propositions of Section 2 from Proposition 3.1 following the principles
laid out in [25, Sections 3] which relate stratawise degenerate contributions to zeros of affine maps
between vector bundles. These principles readily apply with the manifold M (accidentally denoted
by X in Lemma 3.5(3) and Corollary 3.6(5) in [25]) replaced by an orbifold (in the sense specified
after [27, Definition 2.10]). All bundles in [25, Sections 3] are assumed to be complex so that all
transverse isolated zeros of bundles sections are canonically oriented. While the former is no longer
the case, the latter is; see the paragraph preceding Proposition 3.1. The rank over C appearing in
the statements of [25, Sections 3| should be replaced by half the rank over R. We will apply the
reasoning behind [25, Corollary 3.6] with

M=Mrs(C)®, F=F =F =FT°, O=0" =0bs,

Ft < F and O" < O being the trivial (zero) subbundles, and o = Dg’-. We continue with the
assumptions and the notation as in Propositions 2.2 and 3.1 and assume that v is generic.
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4.1 The regularity of the boundary strata

The crucial difference between the main boundary strata, i.e. those corresponding to 7 = (t,m)
with t basic, and the remaining boundary strata is that the latter are d;-hollow in the sense of
[25, Definition 3.11] and thus automatically do not contribute to the number (1.2). In order to
complete the proof of Proposition 2.2, we show that the main boundary strata with m#mg(t) do
not contribute either; the reason is more delicate in this case.

Proof of Proposition 2.2. Let T =(t,m).

Suppose tis not basic. For the purposes of Definition 2.1, we then take K, = ¢J. Given a precompact
open subset K M7 ¢(C)?, let 6,(K)€eR™ and U, (K) < X, ¢(X, B)® be as in Proposition 3.1(1).
Let UcU,(K) be an open neighborhood of K. By (3.31),

M, ¢(X, B; J,t0)? " U < My e(X, B; J, tv)? n U, (K) = &.

This establishes Proposition 2.2 for 7 = (t,m) with t not basic.

Suppose t is basic. In particular,
Eo(T) = Eo(T) = Edg, dim M7 ¢(C)? + tk FT7 = rk Obs.

We assume that 7 is given by (3.5) and satisfies (3.17) and (3.18). For each e Edg, we denote by
e/wg€e the vertex different from wpee. Let

So(T) = {ie{l,....1}: item ' (wo)}
be the pairs of marked points carried by the non-contracted curve in ﬁtT,f(C)(b.

The vector bundles F7° and Obs?-, the bundle homomorphism D‘?-, and the bundle section vy
naturally extend over the compactification

~

MreC)’ = | [Migepuo)-1(s2.00 % | [BMae/uo) (5000 X CT (4.1)
eeEg () e€EZ »(T)

of g)\J/tT7f(C)¢, where Cr is the closure of

{((Z;r (C)’ Z; (C))ieSo(T)7 (Ze)eeE.(T)) : (Ze)eeE.(T) GCi’}}

in the corresponding real moduli space of points on C. We denote these extensions in the same
way. The compactification (4.1) is a union of the quotients of the spaces M7 ¢(C )? by subgroups of

Jm*(T’ ) for some rooted decorated graphs 7'. The restriction of 77 to the quotient of 9 ﬁ']‘l’f(c)qﬁ
lifts to 77 (as the sections U7 and U are pullbacks from the closure of M7 ¢(C)? in M, ¢(C)?).

The homomorphism D? does not vanish over 9727-;(6)‘1’. The pairings of tangent and cotangent
vectors in (3.29) correspond to algebraic bundle sections. Thus, the homomorphism D?} is a regular
polynomial (linear map in this case) in the sense of [25, Definition 3.9]. By the first two parts of
the proof of [25, Lemma 3.10], the zero set of the affine bundle map

G FT7 — Obsy,  ¢7,(v) = DY(v) + 7r(u) ¥ veFT|, ueMr(C)?,
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thus has finitely many zeros. The continuous extension of this map over ﬁT,f(C)d) does not vanish

over the complement of 97?7;(C)¢. By the third part of the proof of [25, Lemma 3.10], the signed
cardinality of the affine bundle map

VT FT° —> Obs‘f}, 7w (V) = D?-(U) +w(u) VueFT ), uegl)\TT,f(C)d’,

does not depend on a generic choice of the section w of Obs?- over §j\tT7f(C)¢. In this case, the
cobordism in the proof of [25, Lemma 3.10] may cross the fibers of 777 over the codimension-one
boundary strata of 97 ¢(C)?. However, the orientation on such a cobordism extends across the

zeros in these fibers based on the same considerations as above Proposition 3.1. We denote the
signed cardinality of ¢! _(0) by N (D‘;)—)

By the previous paragraph, (3.34), and the proofs of Lemma 3.5 and Corollary 3.6 in [25], there exist
a compact subset K7, M7 ¢(C)? and C,, eRT with the following property. If K « M7 ¢(C)? is

~

a precompact open subset containing K7, then there exists ¢, (K)eR* so that the bundle map
Uy .7:7;‘;([~()|I~{ — ObsdT)
is defined and
U, (0) € FTE il F1075, 0] = N(DF) ¥ te(0,6,(K)). (4.2)

Let K, =97 ¢(C)® be a compact subset such that

and set

We verify below that K, and the number (4.3) satisfy the conditions of Definition 2.1.
Let K cimfr,f(C)‘f’ be a precompact open subset containing K, K =L7_—1f(K ), and

0,(K)e (0,0,(K))  and  Uy(K) = Uy, (r)(K)

be as in Proposition 3.1(2), and U c U,(K) be a neighborhood of K. Since K, is compact, there
exists €,(U)e€(0,6,(K)) such that

v CqT;Vel/(U)|f~(y - (P;—vltV(U) :
Suppose te(0,€,(U)). By (3.35), the first statement in (4.2), and the last condition,

qj;—}tu(o)n@};ltu([]) - \117_’;1tu<0)nq)7_’;1tu(Uv<K)) = \P};lw(())mﬁ%‘z(m]k

c U, (0)nF e ) Ry © UL, (0)nd7, (U).

This implies that ~
w%}tu(o)m@}}tl/((]) = ‘I/’_F;ltv(o)mf%i(mm'
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Combining this conclusion with (4.2), we obtain
U (0) @7, (U)] = ¥, (0)nF T )l = N (D).

The last two statements and (3.36) give the first statement of Proposition 2.2 for 7 = (t,m) with
t basic and the contribution given by (4.3).

It remains to show that N (D?) =0if 7 = (t,m) with t basic and m # mg(t). The last condition
implies that at least one conjugate pair (z:r ,2z; ) of marked points is carried by the contracted

components of the elements in 97?77f(C)¢. For ee Eq. (T), let

ST, ={e,o(e)} < 52,

be the complement of the markings {17,17,...,17,17}. Let
Mre(€)’ = | [Migesun-1s0) X | [RMi(efun).(si5.0) % CT -
eeE7  (T) e€EZ ()

We denote by
1. Trao 19
DF: F'T° — Obsy

the vector bundle homomorphism over 53\1’7-f(C)¢ defined analogously to the vector bundle homo-
morphism D?} over §J\T7-7f(C)¢.

Let . .
f: M7 6(C)? — My £(C)?

be the morphism dropping the points marked by 17,17,...,1", ™ that are carried by the contracted
components. Thus,

1o _ ok 1o ¢ _ 9 1) _ )
FT ‘ﬁtﬂ(cw = f*F'T ‘sﬁn(cw Obs7 = f*Obsy, DT’ﬁtTJ(C)d’ = f*DT’z)?zT,f(cw'

This implies that N (D‘;’-) =N (f*D%‘? ), with the second number defined analogous to the former. If
m=#mg(t), then

dim 53\1'7—7f((?)¢ +1k F'T° < dim ﬁt7’7f(6)¢ +1k FT° = 1k Obs‘f} =rk Obs’ﬁ :
Thus, there exists a section @’ of Obs/fé so that the affine bundle map
Vi FTT —> ObslE, 4 (v) = DE(0) + w(u) Y veF Tlu, uedy¢(C)%,
over 53\1’7—’f(6)¢’ does not vanish. This implies that the affine bundle map
PUm: FT7 — Obsy,  {Féro}hv) = {FDFH0) + {FFo}(w) ¥V veFT 7, uedtrs(C)?,

does not vanish and so
N(D}) = N(f*DIg) = 0.

This establishes the last claim of Proposition 2.2. O
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4.2 The contributions of the main boundary strata

We continue with the setup and notation in the proof of Proposition 2.2 and set

Mre(C)? = HM2g (e/w0)—1,(S.0,0) ¥ HRMg(e/wo),(Sf;en) x Cr,
ecEq | (T) eeE‘Z;R(T)

where Cr < CE(T) is the closure of Cr. Thus,

cr = (€*)"=7 x Cre,
where C1.c © c%e(M) is the fixed locus of the involution given by (3.19) with Eo(7) replaced
by EZ.c(7). We denote by

D?-: FT? — Obst

the vector bundle homomorphism over §j/tT7f(C)¢ defined analogously to the vector bundle homo-
morphism D?} over M7 ¢(C)?.
Let . —

¢: M7 ¢(C)? — M7 £(C)*

be the map induced by the natural projection 5T—>CT. Since

> ¥ ¢ _ xOT’ ¢ _ x50
]:Tﬂﬁ’r,f(C)"’ q*]:To—|ﬁT,f(C)¢7 Obsy = ¢*Obsr, DT|ﬁT,f(C)¢ - q*DT|97?T,f(C)¢’

and ¢ is the identity on é\j/tTyf(C)(b,
N(D%) = N(¢*D5) = N(D). (4.4)

Since the contributions of the boundary strata of Propositions 2.3 and 2.4 are given by (4.3), it
remains to determine the number N (D?-)

Proof of Proposition 2.3. Let

F:Mre(C)) — Mre(€)’= | [Migiepuwn)-152.0) X | [RM(efuo).(5g.,.0) % CT:C
eeEg. () e€Eg r(T)

be the natural projection. We denote by
Die: F'T7 — Obsy
T T

the vector bundle homomorphism over 9\3/1’7—7f(C)¢ defined analogously to the vector bundle homo-
morphism D?} over ﬁT’f(C)¢7 but for each ee E{g(T) we replace the factor 7. (e TC in (3.28) by
the trivial complex line bundle (with the standard conjugation) and the factor 77, (e T X in (3.24) by

the trivial rank 3 complex vector bundle. Since C? is a disjoint union of circles and the restriction
of every orientable vector bundle to a circle is trivial,

T PF T g e Obsy = O, DY = B
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and thus N(D$) =N (D). If E{(T)# &, then
dim M- ¢(C)? + rk F'T7 < dim M7 ¢(C)? + rk FT7 = tk Obs = 1k Obs.y.

As in the last paragraph of the proof of Proposition 2.2, this implies that N (f*is/;é) =0. Proposi-
tion 2.3 now follows from (4.3) and (4.4). O

Proof of Proposition 2.4. We continue with the setup and notation in the proof of Proposi-
tion 2.3. We now assume that t is a basic topological type, T = (t,mg(t)), and Eqp(T) = . Let
m=|E{. (T)| so that

|Aut (7)) = 27 |Aut*(T))], (4.5)

with the groups Aut*(7) and m*(T) as in Section 3.2. With the notation as in (2.8) and (2.9),
we define the bundle homomorphism

Dy : ﬂ;lL®7T&kTC — W;/E*®W&kTX
over My 1 xC analogously to (3.29).
For each eeEJ.  (T), let

m;’;e(c) = M;g(e/wg)—l,({e,a(e)},a) x {(Z+, Z_)GCQ: z* :¢(Z_)}
and denote by o o
TTes T+ M= Mo (C) — Mag(e/uwo)—1,({eso(e)}0): C: C

the three component projection maps. Let
Ly, Lo By B — Moge/u) -1 (e (@ho)

be the universal tangent line bundles at the marked points indexed by e and o (e) and the subbundles
of the Hodge bundle E consisting of the holomorphic differentials supported on the first and second

component of each doublet (the first component carries the marked point indexed by e). Denote by
FZ < TF;-;EL+®7TZ§;+TC ® W;—;eL,®7Ta_TC and (46)
Obs? < m5 B @, TX @ i B* @ng,_TX '

the fixed loci of the conjugations over the identity induced by the involution ¢ as in Section 3.2
and by
D¢ F —> Obs?

the vector bundle homomorphism over ﬂ:r;e((f) defined in the same way as before.

The projections

Mig(efwo)—1,({eo(e)}0) — My(epup)r and  {(z7,27)eC?: 2¥ =¢(z7)} —C

on the first component in both cases are diffeomorphisms and induce orientations on their domains
from the complex orientations on their targets; we will call the former orientations the complex
orientations. The map

M’.T;e(c) - g(e/wo),1 xC
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induced by the above projections naturally lifts to vector bundle isomorphisms
Fl— (e/wO)L®7T§TC and Obs? — 7 (e/wO)E*(@ngX (4.7)

obtained by projecting to the first components in (4.6). These projections induce orientations on
their domains from the complex orientations on their targets; we will call the former orientations the
complex orientations. Since the isomorphisms (4.7) intertwine the vector bundle homomorphisms DY
and D
a(

e/wo)»

N(Df)c = N(Dg(e/wo))> (4.8)

where the two sides denote the numbers of zeros of generic affine bundle maps associated with D¢
and Dy(e/w,) With respect to the complex orientations on their domain and target vector bundles
and the bases of these vector bundles.

In the case of Proposition 2.4,

mT,f(C)(b = Hﬂ;g(e/wo)—l,({e,a(e)},U) x Cr = HM;,G(C) : (49)
eeEZ () eeE  (T)
With _ o
Te: mT,f(C)(b - MT;@(C)
denoting the component projection map,

5‘71)—= @W:Df:fT"z @ﬂ:}_g—>6b/si= @W;"Obsf. (4.10)
eeEg  (T) eeEg () eeEg ()

The identifications in (4.9) and (4.10) induce orientations on their domains from the complex
orientations of their targets defined in the previous paragraph. By (4.8) and the first equality
n (4.10),

ND o= [V (Pyesus)) (4.11)
eeE7  (T)

where the left-hand side denotes the number of zeros of a generic affine bundle map associated
with Df} with respect to the complex orientations on its domain and target vector bundles and the
base of these vector bundles.

The curve C = X corresponds to an element [u] of My ¢(X,B;J)? as around (2.3). The real
orientation on (X, w, ¢) fixed in Section 1 determines the sign,

sgng(C) = sgn(u) € { + 1},
of [u]. The open subspace C3 of C7 corresponds to the family

{[w, (ze)eera(m) ] (2¢)eer. () €CT

of marked maps meeting the constraints f. The real orientation on (X, w, ¢) and the choice of the
subset ., (T) of E«(7) determine an orientation on Cr. It differs from the complex orientation
by sgng(C).
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For each ¢’ € Z™, the real orientation on (X,w, ¢) determines an orientation on the moduli space
i)ﬁ;g,_l’(ﬁ,r)(X ,0;.J)? of J-holomorphic degree 0 maps from ¢’-doublets with one conjugate pair
of marked points. As topological spaces

ﬁ;g’—l,(ltk)(Xa 0; )% ~ m;g’—17(1+,1*) x{(z",27)eX?: zy=0¢(z_)}, (4.12)
but the moduli space on the left-hand side comes with an associated obstruction bundle
Obsg} — ﬂ;g/_17(1+71_) x{(z,9(x)): zeX}; (4.13)
the latter is the fixed locus of the involution on
W;/Eﬂ;@WiTX @ W;/Ei®FﬁTX —> M;g/,17(1+71—) X { ($+, IEi) €X2 Ly = ¢($_>}
induced by ¢ as in Section 3.2. In particular, the projection to the first component
Obs% — mhEf @i TX (4.14)

is an isomorphism. The last factors in (4.12) and (4.14) are oriented from the (almost) complex ori-
entation of X (by projecting to the first component in the case of (4.12)). Along with the complex
orientations on the first factors on the right-hand sides of (4.12) and (4.14), these orientations on
the last factors induce an orientation on the total space of the vector bundle in (4.13); we will call
this orientation the complex orientation. By [8, Theorem 1.3], the orientation on the total space of
this vector bundle induced by the real orientation on (X, w, ¢) differs from the complex orientation
by (=1)9' -1,

By [8, Theorem 1.2], the immersion (3.21) is orientation-preserving with respect to the orientations
on its domain and target induced by a real orientation on (X, w, ¢) if and only if me2Z. Combining
this with (4.11) and the last two paragraphs, we conclude that

N (D7) = (=1)"sgne(C)] [(~1) 7N (Dye/uy)))
eeEZ ()

= Sgnf(C)H((_1)g(e/w0)N(D9(e/wo)))-
eeEg. ()

The claim now follows from (4.3), (4.5), and Lemma 4.1 below. O
Lemma 4.1. With notation as above,

g -1
N(Dy) = J;w Cng/ (W;/E*®7TgNXC) ( Z (_1)7')\74/]9/17“).
g1 r=0

Proof. By definition N(Dy ) is the signed cardinality of the zero set of the affine bundle map

Vyiw: Ty LOTETC — oy E*@meT X,
Vgi(v) = Dy (v) + w(u) VY veny LQTETC|,, ue My xC,

with respect to the complex orientations on the domain and target vector bundles and the complex
orientation on their base, for a generic section w of the target bundle. Since w is generic, it spans
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a trivial complex subbundle Cw in ﬂ;/E*@)ﬂgTX . The composition of @ with the tensor product
of the identity and the natural projection T'X |c —> NxC induces a section @’ of the vector bundle

W;/E*®7TENXC — My xC.
Since w is generic, the zero set Z,. of this section is a smooth oriented sub-orbifold.

We denote by Ay < ﬂg/’l the subspace of marked curves so that the irreducible component
containing the marked point is a smooth rational curve. The vector bundle homomorphism D
corresponds to a section of the bundle

(n3 LomETC)" @ myE*@mETX —> Mgy 1 xC,
which we denote in the same way. We note that
D'0) = Ay xC & My xC. (4.15)
Along with the projection
T E*@nETX — myE*@n¢TX /Co,

the section Dy induces a section of the bundle

(m3 LemeTC)" @ (miE*@nETX /Cw) —> Mgy,1 xC.
Since the image of Dy lies in W;,E* ®mETC, the latter restricts to a section of the bundle

V = (nh LmETC)" ® (nhE*@mETC /Cw) — Zo s

we denote it by Dgi,.

Since the image of Dy lies in 7r§,E*®7T§TC , N(Dy) is the signed cardinality of the zero set of the
affine bundle map
W THLOTETC — THE*QTETC, Ul (v) = Ygr(v) ¥ venh LOTETC| 2

’.
9w

Since the linear part of this bundle map is holomorphic, it is a regular polynomial in the sense of
[25, Definition 3.9]. By [25, Lemma 3.14],

N(Dy) ={e(V),[Z=]) — Cutrpi ), =_(Dy)- (4.16)

The last term above is the DgL,—contribution to the middle term from the subspace D;l(O) N2
of Z,s; this notion is the direct analogue of Definition 2.1 in this setting. By [27, Proposi-
tions 2.18A,B] and (4.15),

cntrpgfll(o)nzw,(pgl,) = Z dile(Vi), [(Agi xC) N 2] (4.17)

for some d; € Z, closed subvarieties Ay.,; < Ay, and vector bundles V; over Ay.; xC; these are
determined by the scheme structure of D;l(O) My .
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By the Poincare Duality, (2.11), and (2.12),
e(Va), [(AgrixC)n 2o ) = (e(Vi)e(niB*@mENxC), [Agii xC])
= (2—2h—01 (B))<6(V;‘))\g/_1Ag/, [Ag’;i]> .

By [1, Lemma 1], A;_1 Ay vanishes on My ;—M, ; and thus on Ay ;. Combining this observation
with (4.16), (4.17), and (4.18), we conclude that

(4.18)

(e((my LRTETC)* @ (m ) B*@n¢TC/Cw)), [ 2 ])
- 1010 3 8nETO). [2]) = 32 0. 2

_ g —1
Z VAT 2] = > [ () A T ey (T EF@mENKC).
r=0 r 1xC
The third equality above holds because mjci(TC) vanishes on Z. by (2.11) and the Poincare
Duality; the last equality holds by the Poincare Duality. O

5 Proof of Proposition 3.1

Continuing with the notation of Section 3, we set up a two-step gluing construction to prove
Proposition 3.1. For each T € .7,,(C)? as in (3.5), we first smooth out all nodes corresponding
to Edg” in (3.7) and Edg® in (3.11). This step is not obstructed. At the second stage, we smooth
out the remaining nodes, i.e. the nodes corresponding to E¢(7); see (3.12). This step is ob-
structed, i.e. not every J-holomorphic map in 93?77f(C)¢ can be smoothed out to a nearby element
of M, ¢(X, B; J, tv)?. We show that the elements of M, ¢(X, B; J,tv)? that lie near M7 ¢(C)? (and
thus are smoothings of some elements of M7 ¢(C)?) correspond to the small zeros of the (non-linear)
Banach bundle map =74, in (5.12). This map has no small zeros if v is generic and 7 is as in
Proposition 3.1(1). If 7 is as in Proposition 3.1(2), the small zeros of Z7.;,, correspond to the small
zeros of the map W74, in (3.32) and (5.30) between finite-rank vector bundles over M ¢(C)?. We
use the same strategy as in [28, Sections 3.2,4.2,4.3] and [29, Section 3.3].

For a generic choice of the pseudocycles f, the projection
My r(X, B; J)? — Myy(X, B; J)?

to the moduli space component in (1.4) is an embedding. Thus, we can view M7 ¢(C )? as the subset
of the elements of My (X, B; J )¢ which map to the curve C < X and meet the pseudocycles f at
the marked points.

Let (S0, 00) be as in (3.9). We denote by 9, (s, 50)(B)? the moduli space of degree B J-holomorphic
real maps from smooth genus h symmetric surfaces with the marked points indexed by the set Sy
with the involution op. Analogously to (3.20), let

5?7’(‘)()(]5 = HMT,U;S X SUth,(.S'o,Uo)(B)d) (51)
ecE]. . (TYWEZS(T)

and N o
v M (X)? — My (X, B; J)?
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be the natural m*(T)—invariant node-identifying immersion extending (3.21). The image of this
immersion is the stratum

M7 (X)? < My, (X, B; J)*
of stable maps of the topological type 7 (not necessarily passing through the constrains). For
each element u of M7 (X)?, a vertex we Ver corresponds to an irreducible component Yuw of the

domain ¥, of the map u in the image of this immersion. Each edge e = (w?, w¢) in E4(7) < Edg

corresponds to a node z.(u) € X, formed by joining a point z0(u) in X3, = Yuwo With a point

ze(u) in X5 =Duwe.

We denote the natural extensions of the vector bundles in (3.24), (3.25), and (3.27) and of the

bundle homomorphism in (3.26) to ﬁtT(X ) in the same way. The center component 2.0 = Sy,
is no longer identified with C. The bundle 7. (e, TX in (3.24) should thus be replaced by ﬂg‘nev?e>TX ,

where 7oy is the projection onto the last factor in (5.1). With notation as in (3.27), let

AT - ( P I )/Aut.(T) — My (X)?,

ecEdg? LEdg®

§T = @ W;’;eLtf@W;ﬁL(e} - é\ﬁT(X)qs .
eeE.(T)

We denote by vy e AT the image of an element v of FT under the natural projection
FT — AT < FT.
The involution o acts on §T° by
(0 (v ®viery)ercba(T))) . = A0 (Vg (e)) ®AT (Vg(ey)-
We denote the corresponding fixed locus by 37°.
For each ee E4(7), let Edgf)’,;e CEdg6;<e> be the subset of edges whose removal separates e and {e).
This subset is empty if e={e). Let
Edg ... = Edg) .. v {e} u{{e)} cEdg V¥ eeEl(T).

Since Xy;w ~P! for every wee with eeEdgf)’,;e, there is a natural isomorphism

Fe: ®l~)e/ i) W;;6L6®W§;<6>TC 3 (52)
€'€Edg o;c
see [22, (2.3)]. Define
PT: FT — %Ta PT(U> (pe(v))eeE.(T) = (Fe( ® Ue’)) )
e’eEdgy o e€E+(T)

Dr: T — Obsy, {Dr((0e®viey)ecr. (1)) } ((Ke)ecra (1)) = (ﬁe(ve)(dxge>(u)Uo(U<e>))>eeE‘ o’

where ug =ulx,,, and x?e>(u) € Xy, is the point forming the node of 3, corresponding to the edge
(€)eEy(T). The bundle maps Dy and pr restrict to

D‘;—: %T” — Obs?— and PT: FTo — §T‘7,
respectively. If 7 = (t,m) with t basic, then FT° =FT°, pg = id, and the restriction of D?— to
97?77f((3)¢ is as below (3.29).
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5.1 The unobstructed gluing step

Let {— A’ be a family of deformations of the domains of the elements of DTTT(X ) for a small
neighborhood A% ¢ FT° of the zero section. It is the restriction to 777 < FT of the analogous fam-
ily in the complex setting. The fiber of {— A7 over ve A? is a nodal symmetric surface (3, 0y,).
Its dual graph 7T, is a rooted decorated graph obtained from 7 by deleting the edges corresponding
to the non-zero components of v and identifying the vertices of each deleted edge. In particular,

Eo(T,) =EdT) VYveANnFT;

we will not distinguish between these two sets below. It can be assumed that vy €A for all ve A”.

We fix an involution-invariant Riemannian metric on 3 and denote its restriction to ¥, by g,. For
any ve A, ee Edg with v, =0, and §eR, let ¥,..(6) = X, denote the g,-ball of radius § centered
at the node x.(v) corresponding to e. If in addition ve F1T and e€E4(T), define

2?};6(5) = Evée(é) a E?);e? Efj;e(é) = EU;C((S) a 2%;67 if);e(é) = if};euzwe(é) :
If e € Eo(T), let ig;e(é) = iﬂ;euEu;e(cs). The subset A’ « FT7 contains 9777(X)¢ as the zero
section. There are continuous fiber-preserving retractions ¢ and ¢, respecting the involutions so
that the diagram

/qq\*

T i’l|Af’r\.7'~—17"’ Ll|ﬁ7’(X)¢
A N AFTC M (X)?
commutes. We denote by
Qu: Xy — Xy and  gew: Xy — Xy, ve Ay, uei)fi?T(X)‘b, (5.3)

the restrictions of ¢ and ¢e to 3.

After possibly shrinking A?, the Riemannian metric on 4 and the map ¢ can be chosen so that

e ¢ is smooth on each stratum of i,

o q(zf(v) =27 (7770 (v)) for all v e A7 and i=1,...,1,

for each v € A%, g, is biholomorphic on the complement of the subspaces g, (Su.e(24/]ve|)) with
ee Edg,

there exists a continuous function Jj : %T(X )® — RT such that every restriction (5.3) is a
(gv, gu)-isometry on the complement of the subspaces g, ! (Zy.c(d4(u))) with ee Edg and v, #0,

there exist a continuous function J3: 5)727—(X ) —R* and holomorphic functions

228 |07 (Buel03(w) — €, eeEu(T),
uedit - (X)®
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such that zeu = ze[sg_(5,(u)) a0d 26y = 2¢se,, (55(w)) are unitary coordinates centered at z.(u)
and ’ ’

0

aZe;u

0

C
D) 0%

Ve ’Ze|q;1(ze(u))‘ = ’zg’qgl(xe(u))|’

(2e28) 451 (Sue (5 (u)))
z¢(u)

Ze|q;1(z%;ew;;(u))—zu;em\/we|>> - Z@%uoqv|q;1(za;e(agm»—zu;e@\/\ve\)) ’
Ze’qal(za;e<ag(u>>—zu;e<2\/|uem - Ze;uoqv‘qal(za;ewg(u))—zu;e(z\/we|>>
for all UGAO‘U and ueﬁ?T(X)d’.

We can assume that 20,(u) is less than the minimal distance between the nodal and marked points
of By for every ue My (X)?, 63<d,<1, and

16[v] < 83(n 3, (0))° Vel

The functions d4, 03, 2, and z¢ can be chosen compatibly with the m*(T)—actions and with the
involution on 4l

With eeE4(7) and F, as in (5.2), define

Pe;u C— Tx<e>(u)zu;0 by

Ve ® pe;u(c) = I <7)e®c

® ®U€/> V ceC, veery, L
z2(0)  c'eRdg,..
e/ #e

ol .
0Ze:u u

By the C-linearity of F¢, pe.u is a well-defined C-linear isomorphism.

Let gx be a ¢-invariant metric on X, VX be its Levi-Civita connection, and exp be the exponential
map of VX. Fix a number p>2. For each ve A’ and a smooth real map f: ¥, — X, let

Dj;: T(f)?=T(Sy; FFTX)7 — TOL(f)? = TO (S, TS0 @ F*T X )07 (5.4)

denote the linearization of the 0 -operator at f defined via the connection VX as in [16, Section 3.1].
The construction of [12, Section 3] provides modified Sobolev norms | - || 1 and | - ||, , on the do-
main and target of the homomorphism (5.4) as well as L%-inner products -, -), 2 on these spaces.
These homomorphisms satisfy elliptic estimates involving the | - [, 51 and | - |, norms with coef-

ficients that depend only on W]}T(U)EﬁTT(X)(z} and [[df]l, peR.

For UGA"mﬁlﬂu, Y., is obtained from X, by smoothing the nodes corresponding to the subsets
Edg® and Edg® of the edges of 7. Since the restrictions of v to the irreducible components of ¥y
sharing the nodes indexed by Edg® are constant, the smoothings of these nodes of ¥y extend to
the deformations of the map u into X. The nodes indexed by Edg® are the nodes of the center P

of ¥y, which consists of the non-contracted smooth genus h curve ¥y,0 with contracted rational
tails Eg;e attached. If ue My ¢(C)?, then u|xgo is a regular J-holomorphic map. Therefore, there
exists a neighborhood

09 (C) « Ty (X)?
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of ﬁ']’,f(c)(z) such that the family of the deformations

o T o __ AC 70| _
M‘A%mfflT — ACNFT, where A7 = A" nFT ’U;‘if(c)’

of the domains of the elements of (}?if(C) extends to a continuous m*(T)—invariant family

Up: Sy — X,  veAINFT, (5.5)

of J-holomorphic maps. This family can be chosen so that it is smooth on each stratum of A%m.%ﬂ'.
The smoothings of the maps u with a fixed image curve arise algebraically.

By shrinking 3, we can assume that the diameter of u(3%..(d3(u))) is at most half the injectivity

radius of gx for every ueﬁ?T(X)d’ and e€ Eg(T). Since @, — u as v —> u, we can also assume
that the diameter of

U(E(l)l;<e> (5(’3(11))) U Uy (qgl (2?1,@)(55’(“)))) cX

is less than the injectivity radius for all ve A% AF1T|u and e € Eo(T). For ve A7, A F1T ] and
e€E.(T), we can thus define a smooth function

Curet 0y ' (Biey (03(0)) UEG e — Tu(ar X St XDy, () Core = o (5.6)
by requiring that (y.els. = 0.
For each UGA%|umflT, let
Uy = UOGy: Ly —> X.

Since u, —u as v— u,
Uy, = expy, Cv (5.7)

for some small vector field ¢, € I'(u,,)?, provided A’ and ﬁ?if(C) are sufficiently small. Since the
map ¢, is holomorphic on X,,..(d3(u)) for each eeE(7T),

e = el ) = e Oelog, 5,0 e (%) — C

is a holomorphic coordinate centered at z0(v)=q;*(z%(u)).

Lemma 5.1. The families of 4{— A% and (5.5) can be parametrized so that the following holds.
There exist smooth functions

C: ﬁ?f(C) — R and

Rpse: Luse (03(1)) — (X with vE AL F1 T, uelF 4(C), e€Ea(T)

u(xey
respecting the Aut (T)-actions such that

e (zew) = Ce(0) + syt (pem(ze) + R (2e0) 53)

[Collopa < CO)WYP, [Rue(zen)| < CW)]pesu (Zew) [|Zew]s [ Az Rse| < C(0)]pesu (20 |

for all Zea, € S (03(1)), VEALANF 1T |u, ue l?%ﬁ(f), and e€E4(T).
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Proof. Since g, is constant, this lemma concerns only the smoothings of the nodes of ¥V and the

restrictions of ¢, and 1, to Egc Y- The restriction qy\zg can be written as the basic gluing map
of [26, Section 2.2]. Since u|sg is a regular map, [28, Lemma 3.2] provides a family of maps (5.5)
satisfying the first bound in Lemma 5.1.

The smooth function MR, is defined by (5.8). The two bounds on R, follow directly from the
proofs of [28, Lemmas 3.4,3.5]. The only difference is the presence of the 0-th order term (,..(0) in

the current setting; it does not appear in [28, (3.27)] because of the vanishing condition imposed
on the elements of I'y (v) in [28, (3.2)]. By [26, Lemma 3.5] and the first bound of Lemma 5.1,

¢l co < Crlmlu]7
Along with (5.7) and (5.6), this implies that
[Guie(0)] < Ca(u)fo] V7. (5.9)

Thus, all estimates from [28, Lemmas 3.4,3.5] apply in the current setting. O

5.2 The obstructed gluing step

We now move to the second stage of the gluing construction. For each ve A7 sufficiently small, we
will construct an approximately J-holomorphic map

Ueyp: Ly —> X st [ 0stte HW < Cy (WﬁT(v))‘p“T(U)’ (5.10)

for some continuous function Cy: ﬁgif(C) —R™*. This map is analogous to the approximately .J-
holomorphic map constructed just before [12, Lemma 3.5]. It can be written explicitly in this case
as each map 1,, is non-constant on only one irreducible component ¥, .o of its domain and X, .9
is smooth.

Let 8: RT —][0, 1] be a smooth cutoff function such that

1, ifr<1/2;
plr) = {o, ifr>1,
For each eeR*, we define B.e C*(R;R) by Bc(r)=p(r/e). For ve A?|,, and e€ E.(T), define
Guet @y (Bue(05(1)) — a5, (Bhe (W) by 2e(Fose (@) = Bs ) (126(2) ) 2e (2);

in particular,
Goie(2) = Go;v (), ifxGQJl(Zﬂ;e(%(u))—Eu;e@ [ve));
’ ze(v1), if weqy (958, (55(n))).

If in addition ue ﬁ?f(C), define

Uy Qo (), if xeq, (Bhe), 20" (Bue(24/[ve])) VeeEo(T);
U Xy = X, Uer(T) = { Uy (Guie()), if xqul(Eu;e((sg(u))), e€BE.(T);
Uy, (Te(v1)), if xeg;l(Efl;e—Eu;e(53(u))), eeBo(T).
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The support of 0suey, is contained in the annuli g, (35, (63(u))) with eeE4(T). On these annuli,
the map g, is equivalent to the modified gluing map ¢y,.2 of [28, Section 4.2]. The bound in (5.10)
thus follows from Lemma 5.1 as in the proof of the first estimate in [28, Lemma 4.4(3)].

For each ve A, and {eker ngl, we define R,£€T (ue.y)? as in the above construction of ua.,. Let

T (ue)” = {Ru¢: Eeker DY}

and denote by
Ly (“°;v)¢ - F(“°;v)¢

the L2-orthogonal complement of I'_ (us.,,)?. Analogously to the third estimate in [28, Lemma 4.4(3)],
. 6
G (77}”-7—(“)) [Clvp < HDZ&.;UCHU@ <G (7"}”'7'(“))”(”%1971 v (el (“-;v) (5.11)

for some continuous function Cj : ﬁﬁ?f(C) — R*. The second estimate in [28, Lemma 4.4(3)] also
applies in this case for the same reasons as before.

Lemma 5.2. If A, ﬁ?i’f(C), and O : ﬁ%f(C)—ﬂR* are sufficiently small, then

(I)T: {(U7 C) UEAO-’ CEF-F (UO;U)d), HCHU,QDJ <5' (71-]?’7’0((0)) } - %g,l(Xﬂ B)d)v
(1,¢) — [V(Q)] = [expy,uCs (2 (), 27 (0)5_, ],
is an A\/ut*(T)—mvariant degree ]m*(TH covering of an open neighborhood X1.¢(C) of My ¢(C)?.

Proof. By the choice of I'_ (ua.,)?, this is essentially an inverse function theorem. The continuity,

injectivity, and surjectivity of the induced map on the quotient by Aut (T) are proved by arguments
similar to Sections 4.1, 4.2, and 4.3-4.5 in [26], respectively; see also the paragraph following
Lemma 4.4 in [28]. O

Let V7 be the J-linear connection corresponding to VX. For each ve A% and CeF(u.;U)‘z’, let
I : 70! (u.;u)d) N F?f(expu,wé)qs’av
be the isomorphism induced by the V”/-parallel transport along the VX-geodesics
§— eXpu.;U(SC)a S€ [07 1]
With v as in Proposition 3.1, define
Eraw(v, ) F(u.;v)d) — rovl(u.w)‘z’ by Er(v,¢) =T "o ({05 +tr}exp,, (). (5.12)
Similarly to [26, (3.9),(3.10)],
E7u0(0, ) = dsttagy + tr,,, + DY, ¢ + Noy(©), (5.13)
with the quadratic term N, satisfying
NS(0) =0, [NS,(Q) = NoU,,, < Colmpr (@) (1t +]¢
¥ oteR, (¢ el (taw)® st [Clop, ¢

ot 1) [C=C s (514)

lop1 < Do (Wﬁ’r(“))

33



for some continuous function Cs: ﬁ?if((f) —R*.
We will show that =7, does not vanish if v is generic, 7 = (t,m) with t not basic, [v(¢)] is suffi-
ciently close to m’T,f(C)(b, and te R is sufficiently small. In the case t is basic, we will construct

a section W, as in (3.32) so that its vanishing locus corresponds to the vanishing locus of =7,
after the constraints f are taken into account.

For any functions o7, €7 : ﬁ?f(C) —R*, let

orer = {(0,0): VEAD, CeTy (uaw)?, [0] <07 (T270 (V) I

By (5.13), (5.10), (5.11), and (5.14), there exist continuous functions

|v,p,1 < 67'(71-]7‘7’0 (U)) }

o7, er,Cr: UF4(C) — RT
such that

{(t;U7C)GRXQ57,eT: |t|<(57’(71']_-7-0 (U))a ET;tV(U7<):0}

< {(t; v,¢)eRX Q(ST,ET: HCH’U,p,l <CT(7T]5-7-(, (U)) (|,OC77—(U)|+ |t|) } (5.15)

We can assume that

{Ueﬁfrﬂﬁ%f(c): V| <07 (T30 ()} € A2, er<ds, Or,er <1, 20767 <er,
and that the functions o7, e, Cy are m*(T)—invariant.
Let eeEq(T), ue [??i’f(C), and ve A%|y. We define a holomorphic map

Guet S5 (05(0) =, (86 (0p(w)) — 56, = By by

_.cC
_z€|

c = ~
Zeoq”w‘q;l(zu;e(ég(u)» 0 (Sue(53() > TielSe —gr (Sue2y/loc) — P18 —g0 ! (Suse(24/I0e])) *

For each holomorphic (1, 0)-differential k€E|s,, supported on f?f]l;e, we define a (1, 0)-differential
R..uk on X, by

kodzquse, if xeq;l(iﬁ;e—zu;e(%(u)));
Rewkl, = { Bs.qu)(|ze(@))iodaque, if z€q, ! (Sue(d3(n)));
0, if ze%,—q; (35 (63(u))).

Combining this construction with a continuous collection of isomorphisms
va;e: Ee‘Eu - Ee’ZUI

as above [28, (4.9)], for each k€ E. |, we obtain a (1, 0)-differential R,.,x on ¥,. Analogously to [28,
(4.10)], for each ge[1,2) there exists a continuous function Cy: ﬁ;%((f) —R* such that

|Rur],, , < Cq(u)|s] V veAT]y, kEE|, eeEL(T). (5.16)
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The norm on the left-hand side of (5.16) is the usual Sobolev norm with respect to the met-
ric g,; the norm on the right-hand side of (5.16) is any fixed norm on the finite-rank vector bundle
Ec—Uf¢(C).

With e, u, and ve AZ|, as above and (. as in (5.6), let
Cuie = GurseOGuie(2): 25;6(53(‘1)) — Tu(agey () X-
Define
0y T (uayy)® —> Obsy|, Dy

= L ke )A(TIZT K e .
{@v(n)}((ﬂe)eeE.(T)) = (QWJf)g;Eéa(u(Rv e) (HC 77)>eeE,(7’) v GEE6|U7 EE.(T)

) vie
By Holder’s inequality and (5.16), the above integral is finite and

|0u(m)] < Co)lnlvy ¥ nel® (ua,)® (5.17)

for some continuous function Cg: ﬁﬁ?f(C) —R*.

It is immediate that
H@U (Vu';v) - ?7’(71']7-7-(’()))” < EV(U) (518)
for some continuous function €, : A7 — R™ that vanishes along ﬁgif(C) By the proof of [28,

Lemma 4.4(7)], there exists a continuous function €; : A7 — R* vanishing along ﬁif(C) such that

100(D, Q)] < e1(V)Clops ¥ (ET(ta)? (5.19)

By Lemma 5.1 and the proof of [28, Lemma 4.4(6)], there exists a continuous function €3: A7 — R*
vanishing along (7? ¢(C) such that

|0u(r1tan) ~ DoF)] < a(w)0)] (5.20)

the 0-th order term (,..(0) appearing in the expansion of Lemma 5.1 has no effect on [28, (4.24)].
By (5.13), (5.14), and (5.17)-(5.20), there exist continuous functions

[1]

C=: ﬁ%f((f) — R* and e=: A7 — R

with ez vanishing along ﬁ;éf(C) such that

190 (BT (v,C)) — (D%S’p%'(v)—i_th(ﬂf‘T" W))] < C=(rz(v) (’tHHC’|U7P,1)H<HU,p,1
+ez(t,0) (|pF (V)| + 1t +1¢lvp1)

for all teR, ve AZ, and (€I (te;y)? with ([ p1 <do(m 21 (V).

(5.21)

By (5.15) and (5.21), there exists a continuous function

€70 Rx AL — RT
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vanishing along {0} x ﬁif(C) such that

|D$ 05 () +t77 (7270 (0)) | < e (t,0) (|05 (V)] +[¢])

~ (5.22)
V (t;0,Q)eERxQri5, e st |t|<(57—(77]j.7—g(v)), E7.(v,()=0.

Suppose T = (t,m) and t is not basic so that
dim 97?7-5(6)‘1’ +1kFT7 < dim 9?{7-7f(C)¢ +1k FT° = 1k Obs‘ﬁ}.
Thus, the bundle map
FT° —> Obs? v —> DLPG (V)47 (72-(v))
T TPT T\ 71 )

has no zeros over {)\J/JtTf(C)(é for a generic choice of v e .A¢ (J). By (5.22) and the proof of [25

Lemma 3.2], for every precompact open subset K 97?7- f(C)¢ there thus exist 5 (K)eR™ and an

open neighborhood €, (K) of K in Q5 e such that Z7,, does not vanish on €, (K K). By Lemma 5.2
and (5.12),

l
U, (K) = X,¢(X,B)® n (@T(Qy(k)) x H)@)

i=1

is an open neighborhood of K = t1.¢(K ) in X,¢(X, B)? satisfying (3.31) with K replaced by K.
This establishes the first statement of Proposition 3.1.

From now on we assume that 7 = (t, m) with t basic. Thus, the domain of each element of ﬁT(X )®
consists of a smooth genus h curve ¥,,0 with smooth positive-genus curves

ifl;e = Ecu;e for ee E'(T) :EO(T)

attached at distinct points. Furthermore, 7 = F7 and pF(v) =v. The gluing construction now
consists of only the second, obstructed step.

For each uei)?TT(X)d’, let

T (u) c T(ST* 2% @u*(TX, J))  and T (u)? = T% (u) AT (u)?

denote the subspace of harmonic (0, 1)-forms and the subspace of ¢-invariant harmonic (0, 1)-forms.
The former is generated by harmonic forms each of which is supported on ¥, . for some ee Eo (7).
The homomorphism (3.26) restricts to an isomorphism

Ou: T (u)? — Obsy]

For each v e A%|y, e€ Eo(T), and n e F%l(u) supported on Xf.., we define an element R,7 in
0! (uey)) by

nodeU;67 1f1‘€q71<20 _Zu,e((s ( )))
Rv77|x = Béé(u)(‘Ze(-x)|)H5U;e(w)o770dxqu;6a 1fxeqv (Zu use (5 (0)));
0, if ze¥, — 1( we(0z(0))).
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This definition induces an injective homomorphism
Ry: %' (u)? — 101 (tav)
that satisfies

|Ron],,, < Cr@)nl,  |Ou(Run) = Ou(n)]| < Cr)[o]|n] ¥ nel®(u) (5.23)

for some continuous function Cg: ﬁif(C) —R.
For each ve AZ, let

ro! (u.;v)d) = {Run: neF(l’l(u)¢} and F?r’l (u.;v)q5 = {nEFO’l (tesw) : Ou(n)=0}.
By (5.23),
T (1) = T (a30)? @ TG (u1a;) (5.24)

for all v sufficiently small; by shrinking A7, we can assume that (5.24) holds for all v e A%.
Denote by
01 FOl(u.U) —>F01(u.v)¢

the projection to the second component in the decomposition (5.24). By (5.17) and (5.23), there
exists a continuous function C, : U;éf(C) —>R™ such that

va +77HUp C. (WﬁTU(U))H’I? o.p v ner%! (u.;v) ) (5.25)

By (5.11), (5.19), (5.23), and (5.25), there exists a continuous function such that C : ﬁﬁﬁf(C) —RT
such that

Cr (mzr ()¢

for all v sufficiently small; by shrinking A7, we can assume that (5.26) holds for all ve AZ.

vpl Y CEF+(U)¢ (5.26)

ot < |73 DL C,, < Cr(mzr ()G

y (5.13), the identity Z7.4, (v, () =0 is equivalent to the system of equations

{ O 1 DS. UC ' Tro 1 N¢ (C) 77TU +a‘]u° v tﬂ-gﬁﬁ‘yu-;v € F(-Jljl (’LL.;U)¢ ’ (5 27)

@U (\—lT;ty( ,C)) =0¢€e ObST|u'

By (5.26) and index considerations, the homomorphism

T D¢ Ty (uﬁv)d) — g (u-;v)¢

Uesv *

is an isomorphism; its norm and the norm of its inverse are bounded depending only on 7T]_-7-( V).
In light of (5.10), (5.14), and (5.25), we can thus apply the Contraction Principle to the first
equation in (5.27) provided |v| and \t] are sufficiently small (dependmg on 71']_-7—( v)). More precisely,

for every precompact open subset K c UTf(C) there exist 6, (K), ,(K), C(K)eR" such that

5,(K) <infdr, e, (K)<infer, 2076,(K)< e (K),
K K

37



and for all teR and UE]N:T’]? with |t], [v] <8, (K) the first equation in (5.27) has a unique solution
G (V) €T 4 (Uar)? With |G (V)]0 p1 <¢6,(K) and this solution satisfies

¢ (@)],,,.0 < CA)(J0l +H])- (5.28)

If K is preserved by the m*(T)—action, then the function v—> (3, (v) is m*(T)—equivariant.
The maps

it FTY ol — Zoa (X, B)?, v — [0(Gu(0)] = [expy0Cn (), (57 (0), 2 (1)) 1y,
with |t| <4, (K) are the analogues of [26, (3.16)] in the present situation. Let

ﬁét}(f()‘ﬁ < Xgu(X, B)?
denote the image of ¥7.;,,. Since the evaluation map
ev: My (X)? — X

is transverse to the pseudocycles f along mT;f(C)(b, the maps 77, can be adjusted for the con-
straints as in the proof of [26, Lemma 3.28]; this adjustment is summarized below.

We denote by
Tt N# — Drp(C)?
the normal bundle of 9M7.¢(C)? in M7 (X)?. Fix an ;‘Ift*(T)—equivariant identification
P N — M (X)?
between neighborhoods of M7¢(C)? in N* and in 97(X)? restricting to the identity over Mr(C)?

and identifications

o . W}Toﬁfﬂzﬂ*ﬁuﬁ’]"’ — FT7 and II%: W}/#Obs?} — Obsy
of vector bundles lifting 5’7‘-, restricting to the identity over M7.¢(C )?, and respecting the splittings.

Let K <9M7.¢(C)® be an open subset such that L?rlf(K) — K is precompact. By Lemma 5.2, (5.12),

(5.28), and the proof of [26, Lemma 3.28], there exist a neighborhood U, (K) of K in X,¢(X, B)?,
0,(K),C,(K)eRT, and a unique section

P € F(fﬁf(K)‘L;}f(K); %}T¢/\~/N)

such that
|24 ()] < Cu(K) (o] +]t]) (5.29)

tv
and the map

~ ~4 ~ ~ ~(t ~
D7 =T 0PFOD), ! F%ﬁ(K)\L;}f(K) — ?J)Ié% (K)? nU,(K)
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is an Avut*(T)—invariant covering of degree ]m*(T)\ By (5.28) and (5.29), ®1., satisfies the first
condition in (3.33).

We define the section in (3.32) by

tv

W (0) = {3 0™ (O o, ) B (P (Bl (0)), G (B (0))- (5.30)

By (5.21), (5.28), and (5.29), V7.4, (v) satisfies (3.34) with e, satisfying the second condition
in (3.33). By (5.12), (5.27), and the last sentence of the previous paragraph, (3.35) is satisfied as
well. If v is generic, then

M, ¢(X, B; J,tv)® = M, ¢(X, B; J, tv)?.

The last statement of Proposition 3.1 is obtained as in the proof of [26, Corollary 3.26]. The
crucial point in both cases is that the signs of the elements of \P}}ty(()) are determined from the
orientation of the deformation-obstruction complex over each stratum associated with the moduli
space M, (X, B; J)?.

6 Computations and applications

In this section, we determine the genus g degree d =1, 3,4 real GW- and enumerative invariants
of (P3,74) with d conjugate pairs of point insertion; the latter is readily obtained from the former
via (1.7). By [9, Theorem 1.6] and (1.6), the genus g degree d real GW- and enumerative invariants
vanish whenever d—g € 2Z. Examples 6.2-6.4 apply [9, Theorem 4.6] to compute the genus g
degree d=1, 3,4 real GW-invariants with d—g#¢ 2Z by equivariant localization with the standard
(C*)2-action on (P3,74). In [18], these computations are carried out for d=>5,6,7,8. The degree 2
GW- and enumerative invariants vanish because there are no conics passing through two generic
conjugate pairs of points in P3; the vanishing of the GW-invariants in this case is shown by
equivariant localization in [9, Example 4.10]. The results of these computations are summarized in
Table 2. We conclude by combining Theorem 1.1 with Castelnuovo bounds to obtain conclusions
about one- and two-partition Hodge integrals.

6.1 Preliminaries

Let ¢, ke ZZ0 with 2g+%k>3. We denote by
E— m%k

the Hodge vector bundle of harmonic differentials over the Deligne-Mumford moduli space of (com-
plex) genus ¢ curves with & marked points. For each i=1,...,k, let

Y € H* (M)

be the first Chern class of the universal cotangent line bundle at the i-th marked point. For a
formal variable u, we define

g
A(u) = ZCT(E*)ugf" e H*(Mg)[ul.

r=0
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This is the equivariant Euler class of E* tensored with the trivial line bundle with the equivariant
first Chern class equal to .

For formal variables u1, uo, and ug, define

Au1)Auz)A(us) +
, = . = YgeZ
ILO(U17U27U3) 17 ILg(Ul,UQ,u,?]) mg,l ul(’LLl_’l/Jl) ge ’
(w1 +up)us (ug +U2)QUSJ Aur)A(uz)A(us) +
Iro(ur,uo,ug) = ———,  Io.q(ur, uo,u YgeZ™.
20(u1, Uz, u3) uq U2 zg (11, U2, 3) = uruy  Jig, (U1 —11)(uz—1b2) g

These integrals are known in the literature as one- and two-partition Hodge integrals. We note that
I.g(ur, ug, uz) = I,g(ur, us, uz), In.g(ur,ug, uz) = Ing(ua, ui, us), (6.1)
Ig(ur,ug,uz) = Itg(—ur, —ug, —us), Ip.g(ur, uz, u3) = In.g(—u1, —ug, —u3)

for all ge Z>Y.

Lemma 6.1. For g,keZ>°,

L\A = u1)(u(1—) g ) (ur ) _lfl;g(ul7“27“3) if 29+k=3, k=1,
s [ M)A A ()

1 —1\k
U U (W =11)(ua—42) = ()

_212;9(’(1,171142,’&3) if 29+k>=3, k=2.

Proof. For (g,k)=(0,3), both identities follow from the moduli space My 3 being a single point.
In the remaining cases, they are consequences of the dilaton relation as shown below. If k>2 and

J A(u1)A(u2)A(3 J Au1 VA (u2)A(us) 5+2 ZJ A“1 “2)A(“3)¢§+2
1

M, wi(ui—v1) uj
:ZJ AU1 UQ)A(Ug) S_:ﬁl = u; J A(Ul) ( ) ( )

uj My W1 (u1—1v1)

If k>3 and 2g+k>4,

Mun)Aua)Aus) _ () A () A )T
fMg,k(Ul—%)(W—?ﬂz) B J Aur)Auz)A(us) u Tyl

s1,52=0

52

(uy +uy )yt gl
= 2 f ul u2 A( 3) ui‘l+1u§2+1

s1,52=0 9 k—1
Aur)A A
B L
My o (U1 —U1) (U2 —1h2)
Both of the claimed identities now follow by induction from the base cases. O

In the next three examples, we denote by H € H?(P3; Q) the usual hyperplane class and use the
standard (C*)2-action on (IP?,74). The fixed points of this action are

P, =[1,0,0,0], P,=1[0,1,0,0], P;=1[0,0,1,0], P;=1]0,0,0,1];
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they satisfy P; =714(P») and P3=74(Py). Define
740 {1,2,3,4} — {1,2,3,4} by P = 7a(Pi).
We denote by
a1 = —ao and a3 = —oy

the weights of the standard (C*)2-action and by
x,e(TP?),c(TP?) € H: (P Q)
the equivariant hyperplane class and the equivariant Euler and Chern classes of TP2. Thus,

x|p, = @i, <(TP?)|, = [J0+x—ay)  Vi=1,2,34. (6.3)
Jj#i
For ieZ, let
1, if i¢2%Z;

©= {3, if i€ 27.

The genus g degree d real GW-invariant of (P3,74) with d pairs of conjugate point constraints is
given by

GWE;;’“ (H3,...,H?) = f[ ﬁ (evi*H (x—aj)). (6.4)

3 T4 vir A N
M Mg qa(P3,d)74 ]V 57 (3

By [9, Theorem 4.6], this integral is the sum over contributions Cntrr ,(3%) from the (C*)2-fixed
loci Zr , corresponding to the elements (I, o) of the collection Ay 4(4,d) of admissible pairs; these
are reviewed below.

Each element (I', o) of A 4(4,d) consists of a genus g S-marked [4]-labeled decorated graph I" with
S as in (3.17) for I =d and an involution ¢ on I'. The former consists of an S-marked decorated
graph 7 as in (3.1) and additional functions

¥: Ver — {1,2,3,4} and 0: BEdg—Z*

such that ¥(v1) #9(ve) for every edge e={v1,v2} and the values of ? add up to d. The bijection o
is an involution on 7 as in (3.4) such that Yoo =740 and doo =0. The first condition implies that
V() =. A pair (T, o) is admissible if 9(e) ¢ 27Z for every ee ER (T'). Since ev;|z; , is the constant
map with value Pym(;)), (6.3) implies that

Tt = Tl oy = [e@e B, it d(m(i) =i
evijg>(X 3> _j17:<[i>( Y(m(it)) J) {07 © if ﬁ(m(i*));é<i>; (6.5)

for each i=1,...,d.
For each edge e={v1,vs}, let

Qg — Oy

¢e;v1 = 0(6)
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For each ve Ver, let

S, = E,(T) um™(v)
be the disjoint union of the edges leaving v and the marked points carried by v. If in addition
val,(I') =3 and eeE,(I'), let -

Yue € H (Mo s,)
denote the first Chern class of the universal cotangent line bundle associated with the marked point
indexed by e.

If 9(m(i™)) = (i) and val,(I') > 3, the contribution of the vertex v to Cntrr ,(3%) is given by [9,
(4.18)] as

. _ e(E*@Tp ]P’B)
C1)FCntrp gy (37) = —(—1)0@HEDlg (T, p3YSl-t o) : 6.6
( ) T, o; ( ) ( ) e( Pow) ) L Hwe;v(we;v'i'wv;e) ( )
Mg(v),SUEEEU(F)
By the second statement in (6.3),
e(E*®Tpﬂ(v)]P>3) = HA(aﬁ(v)—aj) . (67)

J#9(v)

If 9(m(i*)) = (i) and val,(I")€{1,2}, the contribution of the vertex v to Cntrr ,(3%) is given by [9,
(4.19)] as

(—1)5”Cntrr,g;v(3d) _ (_1)|m*1(v)‘e(Tpﬁ(v)P3)|5v\—1
—1 3—|Sy|—|Ey (1) (6.8)
() (S -
e€E, (I) e€E, (T)

If 9(m(it)) # (i), then (—1)*Cntrr 4., (3%) =0 by the second case of (6.5).

If eeEZ(T), the contribution of the edge e to Cntrr ,(3%) is given by [9, (4.22)] as

(=1 L
12 e ’
D(e) (0(6)) (aﬂ(vlgfaﬁ(UQ))Qb(e)—Z 1_[ o( )<(a(e)r)ag(v1)+ra19<u2) _aj> (69)
« 5#0(01),9(v2) T=0 !

Cntl"na;e =

If eeE(T), the contribution of the edge e to Cntrr ,(3%) is given by [9, (4.23)] as

o(e)—1

—1) 2 1

(6)0(6)' @ o(e)—1 (0(e)=1)/2 (3(e)—2r)a
2 9(v1) 1—[ 1—[ ) oy
( D(e) ) j?ﬁ’l?(vl),’g('UQ)T:O ( a(e) J)

Cntrr ge = (6.10)

The description of the contribution Cntrr ,(3%) of 21, to (6.4) in [9, Theorem 4.6] involves picking
any subsets

Vi) c Ver and EJ(I')cEZ(T) s.t.
Ver =ViT)uo(Vi()) and  Edg=EZ()uEL(T)uo(ELD)).

42



By [9, (4.26)],

Cntrr »(3%) = - H(—l)ﬁantrme@d) HCntrpme. (6.11)
|Aut(T’, )] veVy (D) ecEZ(MuES (I)

We will call an element (T, o) of Ay 4(4,d) contributing if ¥(m(i*)) =) for every i=1,...,d. By
[9, Theorem 4.6], the number (6.4) is the sum of the rational fractions (6.11) over the contributing
elements of Ay 4(4,d).

6.2 Low-degree real GW-invariants

We next apply the above setup to evaluate the integral in (6.4) for d=1,3,4 and ge Z>" such that
d—g¢27.

Example 6.2 (d = 1). We compute the genus g degree 1 real GW-invariant of (P3,74) with
1 conjugate pair of point constraints for every ge2Z=°. This invariant is given by (6.4) with d=1.
If (I', o) is an element of A, 1(4,1), then I' consists of a single edge e = {vy,v2} with

ecEZ, de)=1,  glv)=g(w)= g, m(1t) =1, m(1)=2.

If (T', o) is a contributing pair, then

1

012 27

19(”1) =1, 19(”2) =2, ¢e;v1 = —2q, CntrF,a;e = PN
1 3

(—=1)% Cntrp,g;vl(i’)l) = a%—a% if g=0;

the last two statements follow from (6.10) and (6.8). If g=2¢' >0, then (6.6), (6.7), and the first
statement of Lemma 6.1 give

/ A(?Oél)A(Oél—Oég,)A(Ozl-i-Oég)
—1)5 ) = (=1)99 2 2 J
(=1)*1Cntrp g, (3') = (—=1)7 201 (of —a3) M. 2o(200—1n)

(-1)¢ (af—a3) L1,y (201, 1 — a3, a1 +a3).
Combining the last three equations with (6.11), we obtain

GWE (H%) = (—1)92L,5 (201, 1 —ag, a1 +a3) ¥ ge22>0. (6.12)

In particular, we obtain the numbers GWg & GW%S 4 and GWff g listed in the d =1 column of
Table 2.

Example 6.3 (d = 3). Let g€ 2Z>°. The genus g degree 3 real GW-invariant of (P3,74) with
3 conjugate pairs of point constraints is given by (6.4) with d = 3. If (I',o) € Ay3(4,3) is a
contributing pair, then

J(m(17)),9(m(3")) =1, Jd(m(17)),9(m((37)) =2, I(m2")) =3, I(m(27))=4. (6.13)

There are 4 types of admissible pairs satisfying (6.13); see Figure 2. The number next to each
vertex v in this figure, i.e. 1,2,3, or 4, is ¥(v), the number next to each edge is 9(e), and the arrows
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4+ 1 1 3 ot 7+ 1 1 4 90— 1+ 1 1 3 o+ 1+ 1 1 4 90—

3+791 g2 3+791 g2 9+ 9 g2 9+ /9 (92

1 1 1 1
37 37 37 37
1_>—0—2* 1_>—0—2+ Z_L—<—2* J_P—QJF
2 1 4 2 1 3 2 1 4 2 1 3

Figure 2: Admissible pairs potentially contributing to (6.4) with d=3

indicate the involutions. The labels g; and g2 next to the top vertices are the values of g on these
vertices. Since the values of g are preserved by the involution, gi1+g2 =g/2. We can take VI (I') to
consist of the two top vertices and ES (I') of the top edge e;. We denote by v; the left top vertex,
by wvo the right top vertex, and by es the vertical edge. In the case of the first diagram in Figure 2,
(6.6)-(6.10) and Lemma 6.1 give

-1 1

C t . = 9 C t 5 = "9 9>
I o501 doas(ar+az)? HTvee: O‘%_O‘g
(—1)%n Cntrry o0 (33) =—(=1)"2x (a%—a%) (a1 +043)12;g1(041 —ag, 201, 1 +043),

(—1)%20ntrr, o0, (3%) = (—1)922a3 (g +a1) I1g,(as—a1, 203, ag+ o).

By (6.11), the contributions of the first two diagrams to (6.4) with d=3 are thus

Cntrpl,gl(33)
Cntrp2,02(33)

(_1)9/212;91(011 —as3, 201,01 +a3>11;g2(043 —a1, 203,01 +043), (6.14)

(—1)9/212;91(04 +asg, 2aq, o —ag)Il;gQ(al +ag, 2a3, a3 —al);

the second expression is obtained from the first by replacing as by —ag (which corresponds to
interchanging 3 and 4) and using the second identity in (6.2). In the case of the third diagram in
Figure 2, (6.6)-(6.10) and Lemma 6.1 give

-1 1

Cntrr, gaier = —5——5
2 3,03;€2 O[%-Oé%’

Cntrr, gae, =
BIBE T 4araz(ag+az)

2
(—1)"™1Cntrry gy, (33) = (—1)91404% (a1 +043) Il;gl(al—ag,Qal,al +a3),

9 2003 (a% —a%)

(—1)*2Cntrry gyu00 (33) =—(-1) 12;92(043 —a1, 203, a3 —i—al).

3ag—aq
By (6.11), the contributions of the last two diagrams to (6.4) with d=3 are thus

(—1)9%2a4
3asz—aq
—(=1)9?2a,
3asz+aq

Cntrp3703(33) = Il;gl(al —ag, 201, o +a3)[2;g2(043 —aq,2a3, o +043),

(6.15)

Cntrp4704(33) = Il;gl(al +as, 201, aq —043)12;92(011 +as, 2a3, a3 —al).

The genus g degree 3 real GW-invariant of (P2, 74) with 3 conjugate pairs of point constraints is the
sum of the four fractions in (6.14) and (6.15) over all g1, go€ Z=° with g1 +g2 = g/2. In particular,
we obtain the numbers GWg & GW? 4 and GWf g listed in the d =3 column of Table 2.

44
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3+ g1 g2 4+ 34,_ g1 g2 4+ 3.4. g1 gz 4, 3+ g1 g2 4+
1| 1] Yer 1 1 1 1 1 1
3- II I~ 5 I I~ 5 I 4 >< -
1- - ~ - v oo -
4 T2 > 1 4 % L i1 2 !

Figure 3: Admissible pairs potentially contributing to (6.4) with d=4

Example 6.4 (d = 4). Let g € Z*—2Z. The genus g degree 4 real GW-invariant of (P3,74)
with 3 conjugate pairs of point constraints is given by (6.4) with d=4. If (I',0) € Ag4(4,4) is a
contributing pair, then

J(m(1h)),d(m(3")) =1,  I(m(2")),9(m(4")) = 3. (6.16)

There are 11 types of admissible pairs satisfying (6.13): the first diagram of Figure 3, with the
4 possible ways of labeling the vertices and the 2 possible involutions on the loop of edges, and the
remaining 3 diagrams in this figure. All 8 versions of the first diagram in Figure 3 have the same
automorphism group Zy and all edges of degree 1; their contributions thus cancel in pairs by [9,
Corollary 4.8]. For each of the remaining diagrams, we denote the top left and right vertices by vy
and vq, respectively, and the top, left, and right edges by e, e, and es, respectively. We take
VI (I") ={v1,v2} in all three cases, E7 (I') = {e1} for the middle two diagrams, and E7 (I") = {e1, e2}
for the last diagram. In the case of the second diagram in Figure 3, (6.9), (6.10), (6.6), (6.7), and
Lemma 6.1 give

-1 1 1

Cntrr, goier = —5——5 Cntrr, goies = —5——5
? 2,02;€2 2 2 2,02;€3 2 2
4oqoz3(oq +a3)2 1—03 a3 —of

(—1)5”10ntrp2,02m(34) = —(—1)912011(6@— %) (al +a3) (041—043720é1,0é1 +043),
(—1)%= Cntrp27g2;v2(34) = —(—=1)"2a3 (a% )(ag—i-al)

Cntrrz#m;el =

(ag—al, 2a3,a3+a1).
y (6.11), the contributions of the middle two diagrams to (6.4) with d=4 are thus

Cntrp2702(34)

—(—1)(9_1)/212;g1(0£1 —as, 20, o +0£3)12;g2(0é3—051, 2a3, iy +043),

A (9-1)/2 (6.17)
Cntrr, 443%) = —(—1) Ig;gl(oq —|—a3,2a1,041—a3)12;92(0¢1 +a3,2a3,a3—a1);

the second expression is obtained from the first by replacing a3 by —as and using the second

identity in (6.2). In the case of the last diagram in Figure 3, (6.9), (6.6), (6.7), and Lemma 6.1
give

—1 1
)2 > Cntrr4704;62 =

+
(—1)1Cntrr, g, (3%) = —(=1)7 407 (o — 05) Tag, (01 — a3, a1 + a3, 200),
(=1)72 Cntrr, gy, (31) = —(—

By (6.11), the contribution of the last diagram to (6.4) with d=4 is thus

Cntrry ope; =

daqas(an daqas(ag—ag)?’

1)%403 (a3 —af) Iog, (a3 —a1, ag+aq, 203).

Cntrr4jg4(34) = (—1)(9_1)/212;91(041 —ag, 01+ as, 2041)12;92(043 —aq, 01t as, 2(13). (6.18)
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The genus g degree 4 real GW-invariant of (P3,74) with 4 conjugate pairs of point constraints is
the sum of the three expressions in (6.17) and (6.18) over all g1, go€ Z>° with g1 +g2=(g—1)/2. In
particular, we obtain the numbers GW? & GVV:;*'5 4 and GW? 4 listed in the d=4 column of Table 2.

6.3 Implications for Hodge integrals
We put the Hodge integrals I1,, and I3, into the generating functions

0¢] o0
Fy(u1,ug,ugst) = Y Tig(ur,ug,ug)t®,  Fo(ug,ug,ugit) = ¥ Ing(un, ug, ug)t™ .
g9=0 g=0

Proposition 6.5. With notation as above,
sin(t/2)

t/2
t?iFl(y7x+yax7t)F2(_y7 x_y7x7t)

sin(t/2)>5 (6.20)
t2 )

Fi(z+y,z,y;t) = (6.19)

watnyl(xvx+y7y; t)F2<x7x_y7 —Y; t) + 2-T

- Fl(wvx_y7 _y7t)F2($7w+y7 Y; t) - F1<_y’x_y7$7t)F2<y7$+yax7t) = (

B(zty,z,y;t) o (z—y,z, —y;t) + Fa(z+y, y, o5 t) Fo(v—y, —y, T3 t)

sin(t/2)>8. (6.21)

— Fy(z,y, x+y; 1) Fo(x, —y, w—y;t) = ( t/2

Proof. By the n=1 case of [3, Examples 6.3] or the g=0 case of Example 6.2,
P37, P37,
Eo1 4(H3) = GW 4(H3) =L

T4

Since every degree 1 curve in P? is of genus 0, Eﬂgi (H3) =0 for every ge Z*. Along with (1.6)
and (1.5), these two observations give

0

3 & ~pa sin 0-1+4/2
S rGWE T - Y G - ()

9=0 g=0
Combining this statement with (6.12) and setting x =a; + a3 and y=aj —as, we obtain (6.19).
By the n=1 case of [3, Examples 6.4] or the g=0 case of Example 6.3,
Eb ;™ (H® H?, H*) = GWp ;™ (H?, H* H?) = —1.
By [9, Example 4.11] or the g=1 case of Example 6.4,
EXT (R, HP, HP, H?) = GWS ;7 (H3, H?, H3, H?) = —1.
By the Castelnuovo bound, every degree 3,4 curve of genus 2 or higher lies in a P? and so

EIZPSZZ?(Hga H?, H?), EEZEA(H?’, H3 H? H?) =0 Y geZ™.

46



Along with (1.6) and (1.5), these three observations give

: 0—-1+12/2
S (W a1 = —i Claclg) (i) = —(W> -

9=0 t/2
3 § sin(t/2)\! 71 +10/2
Z GW1+72?]4(H37H37H37H3>t29 = _Z Cl 4g = _(t/2> .

Combining these two statements with the conclusions of Examples 6.3 and 6.4 and setting x = o143
and y= a1 —as, we obtain (6.20) and (6.21). O

The strategy in the proof of Proposition 6.5 can be applied with complex GW-invariants using [30,
Theorem 1.5]. The d=1 case would then give

. 2
Fy(u,z,y; ) Fi(u,u—x, u—y;t) = (smt(/t2/2)> . (6.22)

The u=xz-+y case of this identity recovers (6.19).

It is straightforward to see that
Fy (u1,ug,ug; t) = Fy (1, up/u1, ug/us;t), Fy(uy,ug, ug; t) = Fo(ui/ug, ug/ug, 1;t)
By Mumford’s relation [17, (5.3)],
Fi(—z,2,—2x;t) = 1 +Z thQJ _AED i Zg" ) RV W
M, (— D (=1—¢1) =5 Mgt

Thus, the y=—2z case of (6.19) is equivalent to the k=—2 case of [2, Theorem 2].

The coefficients of Fy(1,x,y;t) are rational symmetric functions in x,y. Thus, Fi(1,z,y;t) is a
function of z+y, xy, and t. However, it does not appear to depend on zy.

Conjecture 6.6. The function Fy = Fy(u1,us2,us;t) depends only on uy, ug+us, and t.
If this is the case, (6.22) would imply that

sin(t/2)
t/2

for some f1€Q(2)[[t?]] such that fi(—z;t)=—f1(2;t).

exp <f1 ((uz+uz)/ur —1; t))

Fi(ur,ug, us;st) =

The coefficients of Fy(z,y, 1;t) are rational symmetric functions in x,y. However, they appear to
depend on x+y and xy and not just up to a fixed uniform scaling factor. On the other hand, the
next statement appears plausible.

Conjecture 6.7. With notation as above,

sin 8 (22 —42)2
L R ) (6.23
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Along with (6.21), (6.23) would imply that

F2(1'+y, z,Y; t)FQ(x_:%wv —Y; t) + FQ(m—i_ya Y, x; t)FQ(x_y7 —-Y, xvt)

_ sin(t/2) \* a* —322y2 + 4
B t/2 x2y? ’
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