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Abstract

In this paper we compute certain two-point integrals over a moduli space of stable maps into
projective space. Computation of one-point analogues of these integrals constitutes a proof of
mirror symmetry for genus-zero one-point Gromov-Witten invariants of projective hypersur-
faces. The integrals computed in this paper constitute a significant portion in the proof of
mirror symmetry for genus-one GW-invariants completed in a separate paper. These integrals
also provide explicit mirror formulas for genus-zero two-point GW-invariants of projective hy-
persurfaces. The approach described in this paper leads to a reconstruction algorithm for all
genus-zero GW-invariants of projective hypersurfaces.
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1 Introduction

1.1 Background and Motivation

The theory of Gromov-Witten invariants has been greatly influenced by its interactions with string
theory. In particular, the mirror symmetry principle has led to completely unexpected predictions
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concerning GW-invariants of Calabi-Yau manifolds. The original prediction of [CDGP] for the
genus-zero GW-invariants of a quintic threefold was verified about ten years ago in a variety of
ways in [Ber|, [Ga|, [Gi], [Le], and [LLY]. The 1993 prediction of [BCOV] for the genus-one GW-
invariants of a quintic threefold is verified in [Z], using the results of this paper.

The proof of the genus-zero mirror symmetry for a projective hypersurface X essentially consists
of computing certain equivariant integrals on moduli spaces ﬁo,m(]}’m—l, d) of stable degree-d maps
from genus-zero curves with m marked points into P*~!'. While the integrals appearing in Chap-
ters 29 and 30 of [MirSym] are over Mg o(P" 1, d), the integrands involve only one marked point.
For this reason, such integrals can be easily expressed in terms of integrals on ﬁo,l(ﬁ’m_l, d) and
determine genus-zero one-point GW-invariants of X; see (1.2) below. In this paper we compute
integrals on ﬁo,Q(Pn_l,d) with integrands involving both marked points. These integrals in a
sense correspond to arithmetic genus one and indeed constitute a significant portion of the proof
of mirror symmetry for genus-one GW-invariants in [Z]. Theorem 1.1 also provides closed mirror
formulas for genus-zero two-point GW-invariants of X, including with descendants. At the end of
Subsection 1.3, we describe the issue arising for integrals with more marked points, a potential way
of addressing it, and a reconstruction algorithm for genus-zero GW-invariants of X with descen-
dants.

n—

Let 4 be the universal curve over ﬁoym (P"~1 d), with structure map 7 and evaluation map ev:

ev

U

|-

ﬁoﬂn (P ! ,d).

]Pm—l

In other words, the fiber of m over [C, f] is the curve C with m marked points, while
ev([C, f;2]) = f(z) if zeC.

If a is a positive integer, the sheaf
Taev* Opn-1(a) — Mo (P, d)

is locally free. We denote the corresponding vector bundle by Vy.! Its euler class, e(Vy), relates
genus-zero GW-invariants of a degree-a hypersurface in P! to genus-zero GW-invariants of P"~!;
see Section 26.1 in [MirSym]|. For each i=1,...,m, there is a well-defined bundle map

&vi: Vo — eviOpn-a(a),  &v([C, f;€]) = [€(i(C))],
where z;(C) is the ith marked of C. Since it is surjective, its kernel is again a vector bundle. Let
Vi =kerév; — Mo (P 1 d)  and V) = kerévy — Mo (P, d),

whenever m>1 and m>2, respectively.2

!The fiber of Vy over a point [C, f] €Mo,m (P, d) is HO(C; f*Opn—-1(a))/Aut(C, ).
2In Chapters 29 and 30 of [MirSym)], the roles of the marked points 1 and 2 in (1.2) are switched; the analogues
of Vo and Vi over Mo 2(P",d) are denoted by Eo 4 and Ej 4, respectively.



The standard action of the n-torus T on P"~! induces T-actions on ﬁmm(IP’”_l,d), U Vo, Vg,
and V{/; see Subsections 3.1 and 3.2 for details on equivariant cohomology. In particular, Vo, V),
and V) have well-defined equivariant euler classes

e(Vo),e(V}),e(Vy) € H (Mom(P" 1, d)).

These classes are related by

e(Vo) = aevi(z)e(Vy) = aevy(z)e(Vy), (1.1)
where z € H{f(]}”"*l) is the equivariant hyperplane class. For each i =1,2,...,m, there is also a

well-defined equivariant -class,
Vi € H (Dom (P, d)),
the first chern of the vertical cotangent line bundle of i pull-backed to ﬁom(ﬁ""—l, d) by the section
Mom(P"d) — 8, [C,f] — [C, f52:(C)].

Since My, (P" 1, d) is a smooth stack (orbifold), there is an integration-along-the-fiber homomor-
phism

/ : Hy (Mo (P71, d)) — Hi =~ Qlau, ..., o).
Mo, m (Pr—1,d)
For each i1=1,2,...,n, let

i € H%(IP’"_I) ~ Qlz,aq,.. .,an}/(xfozl) (=)

be the equivariant Poincare dual of the ith fixed point P;eP"~!. Let

Qa = Q(alv .. ,Oén)
denote the field of fractions in «aq,...,q,. For a=1,2,... n, an explicit algebraic formula for
o0
e(V))
Z(h,a5,u) =1+ ud/ 02 evie;
( T ) (; ___ ’Q(Pn—l’d) h_/l/)l 1%

(1.2)

<) evm) e (@ulir) (1)

=h ' h+ ud/
( ; 1 (P

is confirmed in Chapters 29 and 30 of [MirSym]. The equality in (1.2) is a straightforward conse-
quence of the string relation for GW-invariants; see Section 26.3 in [MirSym].

One of the ingredients in genus-one localization computations is a two-pointed version of (1.2):

~ a oy
Z(hl,hQ,ai,O[j,U) Ehl‘i’hQ H(O[]—Oék)

2y e(Vo)evigieviop; L
+dzlu /a:no,gmnl,d) (= 0n)(ha—tm) © (Qa[[hl ; g H)[[uﬂ.

(1.3)




Note that the term of degree zero in u above is symmetric in (h1, ;) and (hg, ), just as are the
positive-degree terms. In turn, Z(hq, hg, o, aj, ) can be determined from the power series

Lu) =l S e(Vg)evsartt . -1 u
Zoszart e 3ou [ SRS e (@[] 00

with p=—1,0,...,n—1. The seemingly unfortunate choice of indexing is partly motivated by the
central role played by the power series Z(h, o;,u) defined in (1.2) and the simple relation

Zo(h, i, u) = a; Z(h, oy, 1),
which follows from (1.1), along with (3.9), (3.4), and (3.5). As shown in this paper,

Z(hy, b, iy i, u) = — > (1) 0rZp(h, iy u) 21 (he, g, w), (1.5)
hi+ho
p+q+r=n—1
where o), is the pth elementary symmetric polynomial in o, ..., a,; see Theorem 1.1.

Remark 1: The right-hand side of (1.5) is in fact symmetric in (1, o;) and (ho, o), because
Zn-1(h, i, u) — 01 Z2,—2(h,a,u) + ...+ (=1)"0, Z_1(h, a4, u) = 0. (1.6)

The reason for this relation is explained in Subsection 1.3.

Remark 2: We will see in Subsection 1.2 that the power series Z,(h, o;, u) can be represented by
elements of Qq(R)[[u]]. The relation (1.5) might then suggest that the corresponding element of
Qa(h1, h2)[[u]] representing g(hl, ha, o, aj, u) has a simple pole at hy = —hy. In fact, there is no
pole at ii; = —hy, except in degree zero. This is immediate from the localization formula (3.9); see
also Subsection 3.2.

The power series (1.4) encode genus-zero two-point GW-invariants of a degree-a hypersurface
in P! with constraints coming from P?~'. Thus, Theorem 1.1 provides mirror formulas for
such invariants; the coefficients C*,Srq) are “purely equivariant” and are irrelevant for this purpose.
In the table below, we give the first ten genus-zero two-point BPS numbers, defined from GW-
invariants by equation (2) in [KP], for the degree-7 hypersurface in PS. These numbers are integers
as predicted by Conjecture 1 in [KP]. In fact, we have used the first statement of Theorem 1.1,
along with a computer program, to confirm this conjecture for all degree-d two-point BPS counts

in a degree-n hypersurface X,, in P*~! with n<10 and d < 20.

degree d BPS curve count through 2 codim-2 linear subspaces in X7
1707797

510787745643

222548537108926490

113635631482486991647224

63340724462384110502639024265
37325795060717360046547665187418254
22857028298936684292245509537579343818647
14395953469762596243721601709186933042635134584
9263611884884554518268724722981763557936573405648178
6062677702410680024315392235188823274104219383883410807999

S © 00O U WN

—_




The explicit expressions of Section 29.1 in [MirSym] for the power series Z(h, ;,u) have very
different forms for a <n and a =n. The a =n case is the most interesting one and corresponds
to Calabi-Yau hypersurfaces. As the power series Z(h,a;, u) are central to our computation of
Z,(h,a,u) and z (h1, ha, o, o, u), for the purposes of the explicit expressions preceding Theo-
rem 1.1 in the next subsection we consider only the case a=n.? This is also the case used in [Z].

1.2 Main Theorem

The essence of mirror symmetric predictions for Gromov-Witten invariants is that these invariants
(and relatedly Z(h, o;,u)) can be expressed in terms of certain hypergeometric series. In this sub-
section, we define these series and then express Z(h, o, u), Zp(h, oy, u), and 2(711, ha, o, aj, w) in
terms of them.

Let n be a positive integer. For each ¢=0,1, ..., define Iy ,(t) by

i[o,q(t)qu wtz dtH nw+r>. (1.7)
q=0

s w—i—r)

Each I 4(t) is a degree-¢q polynomial in ¢ with coefficients that are power series in el. For example,

00 nd
t)y=1+ Zedt EZld)n and Li(t) = tly(t Z < i Z 7;) (1.8)
d=1

d= =d+1

For p,q€Z* with ¢>p, let

ot = (), "

Ip—1p- 1(75)

It is straightforward to check that each of the “diagonal” terms I, ,(t) is a power series in e’ with

constant term 1, whenever it is defined; see [ZaZ|, for example. Thus, the division in (1.9) is
well-defined for all p. Let

~ oa(t)

Ioo(t)

By (1.8), the map t — T is a change of variables; it will be called the mirror map. If p€Z* and

Y(h,z,e) is a power series in e with coefficients that are functions of a complex variable h and
possibly some other variable x, let

pr(h’x’t)_e_ﬂ/h{ ; d}"'{Ilf(t)Z}(em/ﬁy(hﬂfa@t))- (1.11)

(1.10)

We define

r nd
h
V(h,x,e") = Ipo(t) xZedtHr d” 1 (natrh) € Qu( h:r: /H T—Qy).

1 =i (x—ag+rh)

3In other words, one may to choose set a=n for the rest of the paper. However, the statements of Lemmas 1.2
and 1.3 and their proofs are valid for all a. Therefore, the proofs of (1.5) and (1.6) are valid as well. The same is the
case with Theorem 1.1 if the power series J_1 and ) are chosen appropriately.



Expanding e®/")(h, z, e!) as a power series in i~ ', we obtain

oo ,r=q
My ety =2y ( ey (t):z:q_’"> h, (1.12)

q=0 “r=0
where C’éfq) (t) is a degree-r symmetric polynomial in a, ..., a, with coefficients in Q[t][[e!]]. For

example,

(dh)m —r

O = Iy (t)/Too(t)  and cg}f(t):alfo,o(t)1Zedt((”d)’zl>_ (1.13)

The main conclusion of Section 30.4 in [MirSym)] is that the power series Z(h, a;, e!') defined in (1.2)
is the evaluation of

k=n

Z(h,a, ") = DO Oy 2. o) € Qah, 2)[[¢!]] / [ @—ax) (1.14)

k=1
at z=q;, if T and t are related by the mirror map (1.10).
The power series Z,(h, o, u) and g(hl,hg,ai,aj,u) defined in (1.4) and (1.3), respectively, are
also evaluations of certain power series

k=n
Z,(h,z,u) € Qu(h, x)[[u]]/ H(a:—ak) and

k=1

g(hl,hg,xl,xg,u) S Qa(hl,hg,xl,xg)“uﬂ/ ﬁ(xl—ak)(xg—ak)
k=1

that have a mirror transform shape analogous to (1.14). Let

o nd—1 k=n
1)) h,x,e') = et HT 0 (nz+7h) o(h, z)[[el T—ay). 1.15
Y T e © @)/ Mmoo o

Theorem 1.1 There exist él(,rq) €Qq [[et]] , with p>r>1 and p—r>q>0, such that the coefficients

of the powers of et in C’Z(;Z are degree-r symmetric polynomials and the power series defined in (1.4)
are given by

Z,(h,x,el) = elt=Te/he G /hy,,(h z,e'), where
r=pp-r (1.16)
Vp(h,z,e") = DPY(h, z, e") —I—ZZC(T YRPTTTIDY (b, x, eh),
r=1 q=0

if T and t are related by the mirror map (1.10). Furthermore, the power series defined in (1.3) are
given by

Z(hy, hy, @1, T9, u) =

Z (—1)r072p<h1,.%'1,U)Zq_1(h2,x2,u). (1.17)
pt+gt+r=n—1



Remark: We note that by (1.16) and (1.17)

g(hl, hy, 71, T2, €T) _ e(th)(x1/h1+x2/h2)e—Cé?l)(t)(h;1+h2_1)y(hh B, ©1, T2, et)? where
~ a
V(hi, ho,z1,20,u) = e Z (=1)"0r Vp(ha, x1,u) Vg—1(ho, 2, u).
pt+q+r=n—1

In other words, Z is the same transform of 37 in both (x1,n1) and (hg,x2) as Z and Z, are of Y
and Y, in (A, z).

The only relevant property of the power series CN'[(,Tq) for the purposes of the genus-one localization

computations in [Z] is that the e’-coefficients of C’;(;Tg lie in the ideal generated by o1,...,0,—1 if
p<n—1. This is automatic in the case of Theorem 1.1, since each of these coefficients is a symmetric
polynomial in ai,...,a, of a positive degree r <n—1. The approach of [Z] suggests that these
coefficients are likely to be irrelevant in many other localization computations as well. Neverthe-
less, they are described inductively in this paper in the process of proving the first statement of
Theorem 1.1.
1.3 Outline of the Proof
The proof of (1.14) in Chapter 30 of [MirSym)] essentially consists of showing that

S1

(h,z,u) and Z(h,z,u) satisfy a certain recursion on the u-degree;

N
S2) Y(h,z,u) and Z(h,z,u) satisfy a certain self-polynomiality condition (SPC);

(S1)

(52)

(S3) the two sides of (1.14), viewed as a powers series in h~!, agree mod h~2;

(S4) if Y (h,x,u) satisfies the recursion and the SPC, so do certain transforms of Y (k, z, u);
(

S5) if Y (h, x,u) satisfies the recursion and the SPC, it is determined by its “mod h~2 part”.

For the purposes of these statements, in particular (S3) and (S5), we assume that

k=n
Y(h,z,u), Z(h,x,u),Y (h,z,u) € Qu(h, x)[[u]]/ H(m—ak).
k=1

For example, (S5) means

Y (B, o4,u) 2 Y (B a;u) (mod A72) Vi=1,2,...,n
— Y (h,ai,u) =Y (h,oz,u) Vi=1,2,...,n.

The proof of (1.16) in this paper essentially consists of showing that
(M1) Yp(h,z,u) and Z,(h, z,u) satisfy the recursion (2.13);

(M2) (Y(h,z,u),Vp(h,z,u)) and (Z(h,z,u), Z,(h, x,u)) satisfy the mutual polynomiality condi-
tion (MPC) of Lemma 2.2;

(M3) the two sides of (1.16), viewed as a powers series in h~!, agree mod h~};



(M4) if Z(h, x, u) satisfies (2.13) and the MPC with respect to Y (h, z, u), the transforms of Z(h, x, u)
of Lemma 2.5 satisfy (2.13) and the MPC with respect to appropriate transforms of Y (4, x, u);

(M5) if the u-constant term of Y (h,x,u) is independent of i and nonzero and Z(h,x,u) satis-
fies (2.13) and the MPC with respect to Y (R, x,u), it is determined by its “mod h~! part”;
see Proposition 2.4.

The statements (M3) and (M5) should be interpreted analogously to (S3) and (S5). In other words,
the equalities are modulo Hﬁz?(x—ak), or equivalently after the evaluation at each x=q;. Simi-
larly, the requirement on the degree-zero term in Y (h, z,u) in (M5) means that it is nonzero even
after the evaluation at each r=q;.

The claims of (M1) and (M2) concerning Z,(h, z,u) are special cases of Lemmas 1.2 and 1.3 below,
since

Y ev VNevE
Lo g S ee wemien . dezt, ()
Mo o(Pr-1,d) R—Y1 T 5(Br—1,d) D=1

by the string relation; see Section 26.3 in [MirSym)].

Lemma 1.2 For all m>3, n; € HA(P"™1), and B; €Z", the power series Z,3(h,x,u) defined by

S Ve ion T (et
Z,5(h,x,u) = Zud</ e(ho_)‘;"ll H (d}]ﬁ evjnj)> (1.19)

d=0 Mo, m (B=1,d) =2
satisfies the recursion (2.13).
Lemma 1.3 For all m>3, n; € HX(P"™1), and B; € Z*, the power series hm_QZn,ﬁ(h,m,u), with

Z, 3(h,x,u) as in Lemma 1.2, satisfies the polynomial condition of Lemma 2.1 with respect to
Z(h,x,u).

Our proof of Lemma 1.2 is practically identical to the proof in Section 30.1 of [MirSym] that
Z(h, z,u) satisfies a certain recursion on the u-degree.* The proof of Lemma 1.3 is similar to the
proof in Section 30.2 of [MirSym]| that Z(h, z,u) satisfies the SPC. However, there are differences
in how the key idea for the setup used in [MirSym] is utilized. An explanation of the modifications
and a complete justification of their appropriateness are not very simple to state. In order to avoid
any confusion, we thus give a full account in Subsections 3.3 and 3.4. As it requires most of what
constitutes the proof of the recursivity relation (2.13), we give a proof of the latter in Subsection 3.2.

We are now able to justify (1.6). By (1.4),
Z,(h,w,u) = 2Pt (mod h™1).? (1.20)

Along with (M5), these three properties of Z,(h, x,u) imply (1.6), since

Z (—1)'orZp—1(h,z,u) = Z (—1)"opaP (mod h_l)

p+r=n p+r=n

k=n
= [[(z—aw).
k=1

*However, the coefficients C7 (d) in (2.13) are “shifts by one” of the coefficients in the recursion for Z(h, z,u).
5Such identities will be taken to mean that the two sides are equal if « is replaced with o for every i=1,2,..., n.




The last expression above vanishes at x=q; for all t=1,2,...,n.

We will check by a direct computation that
Voi(h,z,u) =D Yk, x,u)
satisfies (2.13) and the MPC with respect to Y(h, z,u); see Subsection 2.3. By (1.15),
Voi(h,z,u) =21 (mod h™1).
Thus, the p=—1 case of (1.16) follows from (1.20), (M4), and (M5).

We could also verify directly that Vo (h, z, u) satisfies (2. 13) and the MPC with respect to Y(h, x, u).
Fortunately, this is an immediate consequence of parts (i) and (ii) of Lemma 2.5, since

(i)
Yo(h,z,et) = Ioo {;U—i—h }ylhl‘e
h

Thus, Yo(h, z, u) satisfies the two properties because YV_1 (
and (1.13),

,x,u) does. On the other hand, by (1.12)

Yo(h,z,u) = 2Y(h,z,u) = x (mod A7 1).
Thus, the p=0 case of (1.16) also follows from (1.20), (M4), and (M5).

The differentiation transform (i) of Lemma 2.5 is the only one of the five “admissible” transforms
that has no analogue in Chapter 30 of [MirSym]. The admissibility of this transform, along with
that of (ii) of Lemma 2.5, implies that Y, (%, z,u) defined by the second equation in (1.16) satisfies
the recursion (2.13) and the MPC of Lemma 2.2 with respect to Y(h, z,u), no matter what the
coefficients C‘,(,’“g (u) are. In light of (1.20), the p>1 cases of the first equation in (1.16) thus reduce

to showing there exist C~'I(,72 (u) such that
Vp(hy 2z, u) = 2Pt (mod A71). (1.21)

This is proved by induction, using (1.12) and (1.13); see Subsection 2.3.

The proof of (1.17) follows the same principle. By the string relation and (1.1),

~ hth - / e(V(/),) * *
Z(hy, ho, o, o, o, u) = evioievs(ax ¢;).

Thus, by Lemmas 1.2 and 1.3, (A1 +hy)Z(hy, by, 21, 29, u) satisfies the recursion (2.13) and the
MPC of Lemma 2.2 with respect to Z(h, z,u) for (h,z)=(hi,z1) and x2 =«; fixed. By symmetry,

it also satisfies the two properties for (h,z) = (ha,x2) and z1 = «; fixed. It is then sufficient to
compare the two sides of (1.17) multiplied by %;+he modulo hflz

- e(\V
(h+he) Z(ha, Ba, a, o, u) = acy Z( 1)'orad a / O)evl@e%%,
ptatran—1 Too(Br—1,d) N2 —12
a Z hl,al, )Zq 1 hg,a], —(IZ z q 1(h2,ozj,u).
p+q+r=n— 1 p+g+r=n—1

5The multiplication by 7, i.e. transform (iii), is not explicitly mentioned in Chapter 30 of [MirSym)], but its
admissibility is nearly immediate from the relevant definitions.



In order to see that the two resulting expressions are equal, we compare them modulo Ay L

1 e(Vo)evigievid; 1
a § :(_ O'TOéer q / )h 1777270 o~ g 2 : ( 1) Urap+ azz;
p+qg+r=n—1 Mo,2(P~1,d) 2_1’/}2 p+qg+r=n—1
r D+ p+1 q
a g (—1)"orag Zq_l(hg,a], q g .
p+q+r=n—1 p+q+r=n—1

From this we conclude that the two sides of (1.17) multiplied by A+ he modulo hl_l are equal.
Therefore, the two sides (1.17) are equal by (M5).

Central to this paper are the use of the transforms ©? in conjunction with part (i) of Lemma 2.5
and a desymmetrization of the approach of Chapter 30 of [MirSym] to obtain an explicit closed
formula for the integrals in (1.3). The transforms ©”, combined with the transforms (ii) and (iii) of
Lemma 2.5, make it possible to construct a power series Y (h, x,u), satisfying the recursion (2.13)
and the MPC with respect to Y(h, x,u), that agrees with a pre-specified a-symmetric element of
Qalh] Hu]] modulo 2!, On the other hand, for the purposes of (M5), it is sufficient to assume that
the coefficient of each power of w in Y and Z is a sum of a power series in A~! and a polynomial
in 7.7 Using (M5) and the last two parts of Lemma 2.5, a variety of integrals on 90, (P", d)
involving e(Vy) and products of 1/(h;—1;) can be reduced to integrals involving e(Vy) and powers
1-classes, with each exponent bounded by m—3.

For example, suppose one would like to compute

/ e(Vo)evioi evipi,evidi,
Mo (Pr—1,d) (P —1)(ig—tpa) (h3—1)3)’

these integrals may be useful for localization computations in (arithmetic) genus two. By Lem-
mas 1.2 and 1.3 and part (iii) of Lemma 2.5, hihohis Z®3) satisfies the recursion and the MPC with
respect to Z for each (h, z) = (hs,x5). Thus, Z®) can be reconstructed® from the “mod hy'” part
of h1h2h3§(3),

2(3)(h13h27h3aai1>aigaaiga = (122)

~ = e(Vo)evidi, evioi,evidi,
h1ﬁ2h32(3) ha, ho, hg, ciy s iy, 0 ,’U,) = hihy / 1 ’ 1'23)
( s ; Tos@r-td)  (h1—v1)(ha—12) (

once one Computes

Zp(hthaaipaiz? =

/ e(Vo)evi i, evipi,eviaP
=0 % 3 ]P)n 1 d

(h1—1)(he—1b2)

Similarly, hlhggp can be reconstructed from the its “mod hs, b part, if one can compute

Z (n e(Vo)evig; eviaPevizd
pQ( 1, W, U) = .
97(0 3 P" 1 d)

hi—1n

"The same is the case with (S5). In fact, the condition on the middle term of the recursion used Chapter 30 of
[MirSym] can also be relaxed as in Definition 2.3.
®From (1.23) and ¢iy =[], (#—ai,), one obtains

h1ﬁ2ﬁ3§(3)(ﬁ1,h2,h375017$2,553,u) =h1h2 Z (—1)T0r§p(h1,h2756171‘2,u)zq(h3,$3,u).
pt+q+r=n—1
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Unfortunately, the “mod hfl part” of Z,,(h1,z,u) is not simple.

The above approach does, nevertheless, lead to a reconstruction theorem for e(Vy)-twisted GW-
invariants of P*~!, or equivalently for GW-invariants of projective hypersurfaces. The theorem
arising here is different from [LeP] and [P] for example, as the reduction is made to GW-invariants
with low powers of 1-classes and without increasing the number of marked points. Furthermore,
in may be possible to get a handle on the “components” of the “mod ﬁl_l part” of Z,,, i.e.

* * * T
/9320 — evizPevizievia”,
,3 n- )

and Z,, itself through the approach of Subsections 2.4 and 2.5 in [Z]. Along with (2.13), this
approach leads to an explicit, but complicated, recursion for Z,, or (the components of its “mod
hyt part”).

2 Algebraic Observations

2.1 On Rigidity of Certain Polynomial Conditions

This subsection describes the extent of rigidity of power series with coefficients in rational functions
that satisfy a certain recursion and a polynomiality condition. It is the analogue of Section 30.3.

Denote by Z* the set of nonnegative integers and by [n], whenever n € Z*, the set of positive
number not exceeding n:

zt={0,1,2,...,}, n] ={1,2,...,n}.

Whenever f is a function of w (and possibly of other variables) which is holomorphic at w=0 (for
a dense subspace of the other variables) and s€Z™, let

Dyf = {(ﬁu}sf(w)‘ : (2.1)

w=0
This is a function of the other variables if there are any.
Let Q, be any field extension of Qq, possibly Q, itself. Given
Y=Y(hx,u), Z=Z(h,x,u) € @a(h,x)[[u]],

we define

CIJYZEQ)YZ(h u, z) S Qa(h)[[u,z]] by

Oy 7(h,u, 2) = Y(h, ai,ueh‘z)Z(—h, i, ). (2.2)

Z Hk;éz o — )

Lemma 2.1 IfY, Z€Qq(h,z)[[u]], there exists a unique collection

(Ey.z:a=Ey,z:a(1,Q)) 4oz € Qu(R)[QY

11



such that the Q-degree of Ey z.q is at most (d+1)n—1 for every d € 7t and

ad By 7.4(h,Q
<1>y7Z(h,u,z):Zud(l, 0z Evzalh, Q) )dﬂ), (2.3)

k=n y1r=d
= 2mi L= 1L =(Q—ax—rh

where each path integral is taken over a simple closed loop in C enclosing all points Q= ay+rh with
k=1,...,n and r=0,1,...,d. The equality holds for a dense collection of complex parameters h.

Proof: It can be assumed that
ap+rh# ap+r'h YV kK €n], r,r €2, (r,k)£0 K.
Note that for every i=1,...,n and d'=0,1,...,d,

r=d —1 r=d r=d
H(ai—i—d'h—ai—rh) H(ai+d’h—ai—rh) HH(ai—i-d’h—ak—rh)
r=0 r=d'+1 =0 k£i
r=d—
= d'"\W¥ (d—d)(—h)* C”(HH —ak—l-Th)(H o—— )< H H o — o — rh)
r=1 k#i k#i r=1 k#i
- (Hmi—ak))czd/(h, ) Qu_a (),
ki
where
r=d k=n ~
Qq(h,z) = (x—ay+rh) VdeZ®. (2.4)
r=1 k=1
By the Residue Theorem,
1 [ e EYZ a(h, €2)
2t L0 I (Q—ax—rh)
_ ng a +d’ Eyz;d(h, Oéi—l-d,h) (2 5)
— = Hk#(ai—ak))Qd/(h, ;) Qa—a (—h, o) '
dzdzi ( ) < (e)” )EYZ d(h, ai+d'h).
—~ = Hk;éz a,—ak) Qa (h, @i)Qa-a (—h, i) Z
On the other hand, since Y, Z € Qq (h, z)[[u]],
Ny .q(h, o Nz.a(h, o
Y (h,z,u) Z vl aud and Z(h,z,u) Z za(h ) u? (2.6)

thaz

for unique Ny.q, Nz.4€Qa(f,2). By (2.2) and (2.6),

thaz

oo d'=di=n

Ny.ar(h, ;) hond ( Nza—a(=h, i)\ 4 g
Cyzhuz) =3 > ) Hk# o —ay,) ( Qa (h, o) )we ) < Qa-a(—h, i) >u

d=0d'=0 i=1

_ iud dlzdi eiz < (ehz)d’ > (27)
Quar (P i)Qa—a (=N, i)

22 sl an)

X NY;d’(hu Oéi)NZ;d_d/(—h, Oéz)> .
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By (2.5) and (2.7), (2.3) is satisfied if and only if
By z.4(h,a;+d'h) = Ny.g(h,o;) - Ngg—a(—h,a) Yi=1,...,n, d =0,...,d. (2.8)
For a dense collection of complex parameters h, there exists a unique polynomial
By z.a(h,9) € Qa()[)]
of Q-degree at most (d+1)n—1 that satisfies (2.8).
Lemma 2.2 If Y, Z€Qq(h 2)[[u]] and (Ey z.4)qez+ C Qu(h)[Q] are as in Lemma 2.1, then

Oyz € Qulli][[u,2]] <= Evza€Qalh,Q] VdeZ"

~ _ - 2.9
<~ EZ,y;dEQa[h,Q] VdeZt <«— (I)Z’yerc[fi]Hu,ZH. ( )

Proof: The equivalence of the two middle statements in (2.9) follows from (2.8), which implies that
EZ,y;d(h, Q) = E}ﬁz;d(—h, Q—dh)
On the other hand, by the Residue Theorem on S2,

0, if £ < (d+1)n—1,
L, if k= (d+1)n—1; (2.10)
Rg—(dﬂ)nﬂ(h)v if k> (d+1)n—1,

]{ deQ
27” Hr =0 k 1 Q Qk — Tﬁ)
where R€Q,[h] is given by

1
d __ s
RS (h) - Dw <l—[7’d k=n

> VseZ".
r—0 [ p=t (1= (g +rh)w)

The path integral in (2.10) is again taken over a simple closed loop enclosing all points Q= +rh
with r<d. Write

oo 0o (d+1)n—1
1
Oy z(hu,z) =YY :ang(h)zqud and By z.4(h,Q) § :fds . (2.11)
d=0q=0 *’

By (2.3), (2.10), and (2.11),

(d+1)n— 1 fd Qq+sdQ
Fy,( 7{ s
a Z 2 = 0 k 1(Q—ag—rh)
(d+ 1)1 (2.12)

= Z Rq+s d+1)n+1( )fd,s(a§ h).

s=max(0,(d+1)n—1—q)
Since R?€Qq[h], it follows that Fy, € Qqalh] if f1s€Qalh] for all s. Conversely, since R¢(h)=1,
Fao, -, Fyarnn-1 € Qalh] == Ja(d+1)n—1s---5 Jdo € Qalh].

These observations imply the two remaining statements of Lemma 2.2.

13



Definition 2.3 Fori,j€[n] withi#j and d€Z™, let

H:,Ldal(nozi + r(aj—a;)/d)

A= Tt (i —an + (o —ai) /d)
(rk)A(d5)

C(d) =

€ Qg

We will call Z € Qq(h, x)[[u]] C-recursive if
s , =Ny )
Z(h, s, ) dzo ( Z 0 _r)u +;§ e CHA)uZ (o — ) /dy o) (2.13)
for every i €[n] and for some Ny€Z and ZTdEQa
Proposition 2.4 Suppose
Y, Z € Qa(h,2)[[ul] € Qa(@) [, u]] + Qa(a) (] [[u]]
are such that Z is C-recursive, ®y 7 € Qu[h][[u, 2]], and for every i€ [n]
Y (h, ai, fi) = fi (mod u)
for some fle@z Then,

Z(h,a;,u) =0 (mod A1) Vi€ [n] = Z(h,a,u) =0 Vi€ [n)].

Remark 1: Suppose

Z(h, o, 0) Z( ZZT —T>

d=0

for some ZZT dé@a. In the statement of Proposition 2.4 and throughout the rest of the paper,
oo
Z(h,aiu) = ( Z Ztgh > u? (mod h™%),

d=0

i.e. we drop A~* and higher powers of i~!, instead of higher powers of .

Remark 2: In contrast to the situation in [MirSym, Chapter 30], the assumptions of Proposi-
tion 2.4, i.e. recursivity and A-polynomiality with respect to Y, are both linear conditions on Z.
Consequently, the A~ !-term of Z(h, a;,u) is no longer necessary to determine Z.

Proof: Suppose d>0 and we have shown that

Z(h,a;,u) =0 (mod u?) Vi=1,...,n. (2.14)

gThQ recursion (30.11) in [MirSym)] is a renormalization of the recursion (2.13) with a slightly different coeffi-
cient C} (d).

14



With notation as in (2.13) and by the last assumption on Z(h, a;, u), it follows that

r=Ny
Z(h, a,u) = ul Z mah”" (mod udtt) Vi=1,...,n. (2.15)

If Ny, Nz.a €Qq(h, x) are as in the proof of Lemma 2.1,

0 if ' <d;
Nh»zzz and N./h,i: ' _ ' 2.16
Y,O( aQ ) f n Zsd ( 2 ) {Qd(h, 041‘) Z:;ivd Z,Zdh_r, if d,:d, ( )
by (2.6), (2.14), and (2.15). Since
EZ’y;d(h, ai—i—d’h) =0 Vd = 0,1,...,d=1,t=1,...,n
by (2.8) and (2.16) and Ezy.q€ Qqlh, Q] by Lemma 2.2,
d—1 j=n
Ezy.a(h,Q) = (H I1 (@—a;—d'n) >-Rd(h,Q)
=075=1
for some Ry€Q, [h, ©]. Thus,
d—1 k=n _
Ezy.q(h, ;i +dh) = (H I ((ci+dh)—au— dh)> - Rg(h, ai+dh) = heRy(h) (2.17)
=0 k=1
for some Rq€Qu[h]. On the other hand, by (2.8) and (2.16)
'I‘:Nd
EZ7y;d(h, Oéi+dh) = NZ;d(h, ai) = <d'hd H H —Oék-f-T‘h > ZZ;dﬁfr
r=1k#i r=1 9218
T:Nd ( : )
<d| HH —ak—f—rh) >zt
r=1k#i r=1

By (2.17) and (2.18),
Zig=0 VYr=1,...,Ng, i=1,...,n

Along with (2.15), this implies that (2.14) holds with d replaced by d+1.

2.2 Admissible Transforms

This subsection is the analogue of the beginning of Section 30.4 in [MirSym]|. We describe trans-
forms of Y, Z € Qu (h, x) that preserve the polynomiality property of Lemma 2.2 and the recursivity
property of Definition 2.3. The statement of Lemma 2.5 is followed by complete proofs. The first
of the five transforms below has no analogue in [MirSym].

Lemma 2.5 Suppose Y, Z € Qu(h,z)[[u]] are such that Z is C-recursive and ®y 7z € Qqu[h)[[u, 2]].
Then,

(i) ifu=e', Z={x+h%}Z is C-recursive and @sze@a[h][[u,z]];
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(i) if f€Qalul, then fZ is C-recursive and ®y. 7, ® ry.z € Qu[l][[u, 2]];
(iii) if f€Qqlh], then Z=fZ is C-recursive and @sze(@a[h][[u, z]];
(w) if feQqlu], f(0)=0, and Y =e!/"Y, then Z=el/"Z is C-recursive and <I>377Z€Qa[h][[u, 2]];

(v) if 9€Q[[u]], g(0)=0,
Y (h,z,u) = exg(“)/hY(h, x, ueg(u)), and Z(h,z,u) = exg(“)/hZ(h, x, ueg(u)),

then Z is C-recursive and ®y z € Qalh)[[u, 2]

Remark: In fact, (ii) and (iii) are special cases of the admissible transform defined by f € Qq[A][[u]].

(i) The operator {ai+h%} preserves the structure of the first term on the right-hand side of (2.13).
The (d, j)-summand in the last term becomes

dy [ Cl(d)u? Y (d)ud d

Gl S ()
= a Z((oj—)/d, aj,u) + dCHd)uZ (o — ) /d, aij,w). (2.19)
Since the last term in (2.19) does not depend on A and Z is C-recursive, it follows that Z is also
C-recursive. Since

d
@7y (hu,z) = £<I>Z7y(h, u, 2)

and @y 7 € Qu[71][[u, 2], Dy 7 € Qu[h][[u, z]] by the middle equivalence in Lemma 2.2.

(i) Since Z is C-recursive and the multiplication by f preserves the structure of each of the terms
in (2.13), fZ is also C-recursive. Since @y, ;7 = f®y,z and Py,z € Qa[h][[w, z]], Py,fz € Qa[A][[u, 2]].
Similarly, since @ sy = f@zy, ®ry,z € Qu[h][[u, z]] by Lemma 2.2.

(iii) It is sufficient to assume that f(%)=h. The multiplication by % preserves the structure of the
first term on the right-hand side of (2.13). The (d, j)-summand in the last term becomes

Y (dyud C (dyud
———Z((aj—;)/d,aj,u) = ————Z((aj—;)/d,aj,u

+ C’ij(d)udZ((aj—ai)/d, o, u).

h

Since the last term in

(2.20) does not depend on A and Z is C-recursive, it follows that Z is also
C-recursive. Since @y 7=

—hi®y,z and ®y,z € Qa][[u, 2]], Py 7 € Qu[A][[u, 2]].

(iv) Since f(0)=0, i.e. f contains no degree-0 term in u, the multiplication by ef(")/" preserves the
structure of the first term on the right-hand side of (2.13). The (d, j)-summand in the last term
becomes

Fw)/n Y (d)u C} (d)u

B aj;ai Z((O‘j*ai)/da ij’“) = Wz((arai)/d, ij,U)
o Cl-j d)u?
O k) n(“)a Z((aj—ai)/d, aj, ).
- d
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Since Z is C-recursive and

F@/h _ of@)/(s—a/d)
: e € Qalh h][[u]],

h— T
it follows that Z is C-recursive as well. On the other hand,
by 5 (hyu,z) = e(f(ue’”)—f(u))/hq,m(h’u, 2). (2.21)
Since @y z € Qu[h][[u, 2]] and
(f(ue™) = f(u))/h € Qalh][[u, =],

(2.21) implies that @yze@a[h][[u, z]] as well.

(v) Since g(0) =0, the operation of replacing u with ue™® followed by multiplication by e®:9(%)/?
preserves the structure of the first term on the right-hand side of (2.13). The (d, j)-summand in

the last term becomes

1 /nCL(d)udeds®) CH(dyut
( )/E—Z((aj—ai)/d, aj,u) = WZ((%‘—%‘)/CL OKjaU)
— an

a; g
€ B i
d

o u i/ (i—cus u Cij d)u?
+ (elos/ ) _ fos (ool ))h_(aj)_aiZ((aj—ai)/d, o).
Since Z is C-recursive and
elai/htd)g(u) _ o(oy/((ej—cx)/d))g(w) B d

h— 2% (o +dh) — a;

z=a;+dh

edz/(z—ai)

€ Qaln, [ [u]],

z=qaj
it follows that Z is C-recursive as well. On the other hand,

g(ue™)—g(u) _ Q<[] (222)

Py z(hyu,2) = (I>Y7z(h, ued™ 2), where Z=2z+ N

Since @y, z € Qulh][[u, 2]], (2.22) implies that By ; € Qu[h][u, z]] as well.

2.3 Some Properties of Hypergeometric Series

In this subsection we verify the three claim concerning the power series Y,(h, x,u) made in Sub-
section 1.3:

(a) Y_1(h,z,u) satisfies the C-recursivity condition of Definition 2.3;
(b) ®yy_, €QulAl[[u, z]];

(c) there exist CN'I(,Tq) as in Theorem 1.1 such that (1.21) is satisfied.
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Proof of (a): Note that

Cj(d) d

B aj—a;

1
Voi((aj—ai)/d, o, u) :Reszw{my_l(z,ai,u)}.

Thus, by the Residue Theorem on S2,

1
ZZ h Oéj—Oéz ((a]_al)/da a]au) = _Reszﬁ,o,oo{h_zyl(zaaiau)}
d=1 j#i '* (223)

1
=Y_1(h, aj,u) — Resz:O,oo{h_Zyl(za az‘,u)}-

On the other hand, if J_1.4 is the degree-d term of J_1,

1 1 r=nd—1 :
ReSZO{yl;d(za ai7 U’)} = D?*l H_szo (na +r2) € Qa[hilL
h—z h=2 d 27 T (0 — o tr2)

1
Resz:oo{h_zyl(za Qi U)} = ]-a
where DY is as in (2.1). Thus, (2.23) implies that ))_; satisfies the recursion (2.13).

Proof of (b): Let

Z d : de(nl‘-f—?“h)
L= T2 (e —an+rh)

By (ii) of Lemma 2.5, it is sufficient to show that ®ry , € Q4[A][[u, 2]]. Note that

R(h,x,u)

e:pz

mR(ﬁ, «;, ueﬁz)y_1(—h, a;,u) = Resy—q, { —
. [ (z—ax)

k=1

R(h, x, uehz)y_l(—ﬁ, T, u)}

Thus, by the Residue Theorem on 52,
CDR,y—l (h7 u, Z) = —Resy=co { %R(FL’ Z, uehz)yfl(_hv €L, ’LL)}
II (z—ax)

k=1

& d s 1= (n+rhw)
Z<n—1+p>!p‘”{n L—agw) <Z L= I ”<1—<ak—rh>w>>

ok 111g=1

<dzoud By =0 (n—rhw) >}

II,Z 1 k —1 (1= (ag+rh)w)

The pth summand above is polynomial in A. Thus, ®ry , € Qu[R][[u, 2]].
Proof of (c): Suppose peZ™, and we have constructed power series
y07 yh SR yp—l € @a(h7 l’) Het”’
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satisfying the second equation in (1.16) and (1.21), so that

0o p—1+q
MYy g (hoayel) =aP + ) < S oo, a:p+q’"> h, (2.24)
qg=1 r=0
where CI(,T_)Lq(t) is a degree-r symmetric polynomial in a, ..., o, with coefficients in Q[t][[e!]] such
that .
O (1) = L1 po14q(8) / Tpm1 p1 (£). (2.25)

This assumption is satisfied for p=1 by (1.12) and (1.13). Since V,—1 € Qu (%, z)[[e]],

O et+ Q] CT i) €Qulle]) V1 =

P
d (r
iqg D11(8) € Qullel]] ¥r>0. (2.26)
Thus,
h d
ty — —at/h @ xt/h t
Vp(h,z,e") =e L0 (e®"Yp_1(h,z,€")) o
r=p .
Ly (ic“") (1) Vpr (B2, e) € Qalh,2)[[e].
Ipp(t) — dt—PH1 P o ’
y (1.9), (2.24), and (2.25) are satisfied with p replaced by p+1 and
- de, - Y (Geam)esio.
PN Iy p(t) dt Pt Ip(t) = \dt pobd b
In particular, ), satisfies (1.21). By (2.27), the coefficients C’Z(fq) are inductively defined by
d &) A(r) S (4ot \a-o
) = )" (dtc g0y, 1) =3 (dtC)C) (229)
s=1
where C]()r)l,p ;= —ng_)l’l, 015?17_1 =0, C’Igf)q =0 Vr<O0.

Thus, by (2.26) and inductive assumptions, C~’1(,Tq) € Q. [[€']] is a degree-r symmetric polynomial in
at, ..., o, with coefficients in Q,[[e!]], as required.

3 Localization Computations

3.1 Equivariant Cohomology

In Subsection 3.2, we apply the classical localization theorem (3.9) with the standard action of the
n-torus T on P"~! and on My, (P" 1, d) to verify Lemma 1.2. In Subsection 3.3, we apply (3.9)
with an action of the (n-+1)-torus B

T=TxT!

on P! xP! and on a subspace of My, (P xP*~1 (1,d)) to verify Lemma 1.3. The aim of this
subsection is to review the basics of equivariant cohomology and to set notation. Throughout this
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subsection, G denotes an m-torus, either (C*)™ or (S')™.
The m-torus G acts freely on EG=(C>)"™—0 (or (5*°)™):
(ewl, e ewm) (21 ey 2m) = (ewlzl, e ewmzm).
Thus, the classifying space for G and its group cohomology are given by
BG = EG/G = (P>™)™ and Hi = H*(BG;Q) = Qlau, - - ., am),

where a; =7} c1(v*) if
i (P°)™ — P and v — P

are the projection onto the ¢th component and the tautological line bundle, respectively. Denote
by HE, the field of fractions of H:

HE = Qo = Q(ag, ...y am).

A representation p of G, i.e. a linear action of G on C¥, induces a vector bundle over BG:
V, = EG x¢ CF.
If p is one-dimensional, we will call
c(Vy)) = —a(V,) € Hi; C He,
the weight of p. For example, «; is the weight of representation

mi: G — CF, (ewl,...,eiem) cz=¢%2. (3.1)

More generally, if a representation p of G' on CF splits into one-dimensional representations with

weights (51, ..., Ok, we will call By, ..., O the weights of p. In such a case,

e(Vy) =051 B (3.2)
We will call the representation p of T on C™ with weights a4, ..., a;, the standard representation
of T.

If G acts on a topological space M, let
H{(M) = H*(BG;Q), where BM = EGxgM,

be the equivariant cohomology of M. The projection map BM — BG induces an action of Hp,
on H:(M). Let
He(M) = He(M) @y, He-

If the G-action on M lifts to an action on a (complex) vector bundle V' — M, then

BV = EGxgV
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is a vector bundle over BM. Let
e(V)=e(BV) e HL(M) C Ha(M)
denote the equivariant euler class of V.
The standard action of T on P"~! is the action induced by the standard action p of T on C™:
(eiel, . ,ew") ety zn] = [eiglzl, .. ,ew"zn].
Since BP"~1 =PV,
Hiy (P Y = H*(PV,;Q) = Qlz, an, - . ., o] /(2" +er(Vy)z" 4. c4en(V))),

gt 3

where z=c;(7*) and 4 — PV, is the tautological line bundle. Since
c(Vy)=101—-0)...(1 —ay),
it follows that
H3(P" ) =Qlz, 1, ..., an)/(x—a1) ... (x—a,) and

Hy(P 1) = Qa[x]/(:v—al) o (r—ag).
The standard action of T on P*~! has n-fixed points:
P, =11,0,...,0], P, =10,1,0,...,0], ... P,=10,...,0,1].
For each i1=1,2,...,n, let
¢i = [ [(x—ax) € HR(P"). (3.4)

ki
By equation (3.10) below, ¢; is the equivariant Poincare dual of P;. We also note that 7|gp, = Vr,,

where 7; is as in (3.1). Thus, the restriction map on the equivariant cohomology induced by the
inclusion P;—P"~! is given by

k=n
Hi(P 1 :Q[:v,al,...,an]/H(m—ak) — Hp(P) = Qlaq, ..., an), T — . (3.5)
k=1
By (3.5),
n=0¢ HiP" 1) — np=0€ Hf Yi=1,2,...,n. (3.6)

The tautological line bundle ,_; — P! is a subbundle of P"~! x C" preserved by the diagonal
action of T. Thus, the action of T on P"~! naturally lifts to an action on 7,_; and

e(vi_1) p = Vi=12,...,n. (3.7)

Via the exact sequence

0— 71 @Y1 — Vi1 @ (P 'xC") — TP ' — 0
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of vector bundles on P"~! T also lifts to an action on TP"~!. By (3.2) and (3.7),

e(TP" )|, = [[(ai—ar) = ilp,  Vi=1,2,....n. (3.8)
ki

If G acts smoothly on a smooth compact oriented manifold M, there is a well-defined integration-
along-the-fiber homomorphism

/ CHL(M) — H
M

for the fiber bundle BM — BG. The classical localization theorem of [ABo] relates it to inte-
gration along the fixed locus of the G-action. The latter is a union of smooth compact orientable
manifolds F' and G acts on the normal bundle N'F' of each F. Once an orientation of F' is chosen,
there is a well-defined integration-along-the-fiber homomorphism

/ CHL(F) — HE
F

The localization theorem states that

_ Y|F . .
/M¢_2F:/1:e(NF) €Hg Ve Ho(M), (3.9)

where the sum is taken over all components F' of the fixed locus of G. Part of the statement of (3.9)
is that e(NV'F) is invertible in 1% (F). In the case of the standard action of T on P"*~1, (3.9) implies
that

nlp, = / no; € Hr v T]EH:E(Pnfl), 1=1,2,...,n; (3.10)
Ppn—1

see also (3.8).

Finally, if f: M — M’ is a G-equivariant map between two compact oriented manifolds, there is
a well-defined pushforward homomorphism

fer HE(M) — HE(M').

It is characterized by the property that
| g = [ nirw) Ve B0 € HaM), (3.11)

The homomorphism | s of the previous paragraph corresponds to M " being a point. It is immediate
from (3.11) that

fm () = (fmv  Vne HyM), ¢ € Hy(M). (3.12)

3.2 Proof of Lemma 1.2

The standard T-action on P"~! (as well as any other action) induces T-actions on moduli spaces
of stable maps My, (P!, d) by composition on the right:

g-[C.fl=[C.gofl VgeT, [C f]€MmP" ™, d).
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Figure 1: Two graphs of type A;(j;d) C A; and a graph of type B;

All evaluation maps
ev;: ﬁo,m(]}pn_la d) B Pn_la [valv < Yk, f] B f(yl)v

are T-equivariant. Via the natural lift of the T-action to v;,_4 — P71 described in Subsection 3.1,
the T-action on mto,m(]?”—l, d) lifts to T-actions on the vector bundles Vy, Vy, and V{, as well as
on the universal tangent line bundles.

As described in detail in [MirSym, Section 27.3], the fixed loci of the T-action on 9, (P"~ !, d)
are indexed by decorated graphs that have no loops. A graph consists of a set Ver of vertices
and a collection Edg of edges, i.e. of two-element subsets of Ver. A loop in a graph (Ver, Edg) is
a subset of Edg of the form

{{vl,vg},{vg,vg}, .. .,{UN,Ul}}, v1,...,un € Ver, N>1.

Neither of the three graphs in Figure 1 has a loop. A decorated graph is a tuple

I'= (Ver,Edg;u,b,n), (3.13)
where (Ver, Edg) is a graph and
w: Ver — [n], 0:Edg — Z%, and n:[m] — Ver
are maps such that
w(vy) # p(ve) if {vi,v2} € Edg. (3.14)

In Figure 1, the values of the map g on some of the vertices are indicated by letters next to those
vertices. Similarly, the value of the map 0 on one of the edges is indicated by a letter next to
the edge. The three elements of the set [m]=[3] are shown in bold face. They are linked by line
segments to their images under 1. By (3.14), no two consecutive vertex labels are the same and
thus j#i.

The fixed locus Zr of ﬁgym(IPm_l, d) corresponding to a decorated graph I' consists of the stable
maps f from a genus-zero nodal curve C; with m marked points into P"~! that satisfy the following
conditions. The components of C; on which the map f is not constant are rational and correspond
to the edges of I'. Furthermore, if e={v1,v2} is an edge, the restriction of f to the component Cy .
corresponding to e is a degree-d(e) cover of the line

1 n—1
P (o) C P
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passing through the fixed points P,(,,) and P,,). The map ulc ;.. 1s ramified only over P, )
and P,(,,). In particular, f e ;. 18 unique up to isomorphism. The remaining, contracted, compo-
nents of Cy are indexed by the vertices v € Ver such that

val(v) = [{v' € Ver: {v,v'} €Edg}| + |{i € [m]: n(i)=v}| > 3.

The map f takes such a component Cy, to the fixed point u(v). Thus

Zr ~ MF = H ﬂO,Val(v)a (315)

vEVer

where Mo,l denotes the moduli space of stable genus-zero curves with [ marked points. For the
purposes of this definition, Mg and Mo are one-point spaces. For example, in the case of the
last diagram in Figure 1,

~ Mrp= Mosx Mygx Moax Mg, ~ Mos
is a fixed locus!'® in Mg 3(P"~1, d) for some d>9.

We now verify Lemma 1.2. Let

H O v ;) (3.16)

Suppose I' is a decorated graph as in (3.13) that contributes to (1.19), in the sense of the localization
formula (3.9). By (3.4) and (3.5),

evigi = H (@) = o) = G () H — ak),

k#i k#i

where 0; ;1)) is the Kronecker delta function. Thus, by (3.9), T does not contribute to (1.4)
unless p(n(1)) =14, i.e. the marked point 1 of the map is taken to the point P; € P"~!. There are
two types of graphs that do (or may) contribute to (1.4); they will be called 4; and B;-types. In
a graph of the A;-type, the marked point 1 is attached to a vertex vy € Ver of valence two which is
labeled 7. In a graph of the B;-type, the marked point 1 is attached to a vertex vy of valence at 3,
which is still labeled . Examples of the two types are depicted in Figure 1.

Suppose I' is a graph of type B; and
Zr C ﬁ()’m(]pn*l’ d),

so that I' contributes to the coefficient of u? in (1.4). In this case, the restriction of 9; to Zr is
the pull-back of a t-class from the component M vai(y,) in the decomposition (3.15). Since the
T-action on the corresponding tautological line bundle is trivial,

Uflz. =0 VE>d+m > val(v) - 3.

Thus, T' contributes a polynomial in A=, of degree at most d+m, to the coefficient of u? in (1.4).
Therefore, the contributions of the loci of type B; to (1.4) are accounted for by the middle term

04fter dividing by an appropriate automorphism group; see [MirSym, Section 27.3]
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Figure 2: A graph of type Af(j;do) and its two subgraphs

in (2.13).

A graph I" as in (3.13) of type A; has a unique vertex v joined to vg. Denote by A;(j;dp) the set of
all graphs I' of type A; such that p(v)=j and 2({vo,v})=dp, i.e. the unique vertex v of I" joined
to vg is mapped to P; €P"! and the edge {vo, v} corresponds to the dg-fold cover of ]P’}j branched
only over P; and P;. By (3.14),

A; = U UAz'(j;do)- (3.17)

do=1j#i

Suppose I'€ 4;(j; dg) and v is the unique vertex joined to vy by an edge. We break I' at v into two
graphs:

(i) Tp consisting of the vertices vp and v, the edge {vp, v}, and marked points 1 and 2 attached
to vg and v, respectively;

(ii) T, consisting all vertices and edges of T', other than the vertex vy and the edge {vg, v}, with
a new marked point attached to v;

see Figure 2. Let d. denote the degree of T, i.e. the sum of all edge labels. By (3.15),

Zr = Zp, X Zp,. (3.18)
Denote by my and m. the two component projection maps.
By Section 27.4 in [MirSym],

!/ *9// *y 9/!
VO ‘ZF = 7T0V0 @ch y

N Zr NZp, NZr (3.19)
TPl 0 <TP,.P”1 SeN Tp, Pl D mole @7, Ly,
where Ly — Zpr, and L1 — Zr, are the tautological tangent line bundles. Thus, by (3.8),
e(V)n’ eV .
h_odn 0 h—i?} e (e(v‘/{)”ﬁ)’
s . . (3.20)
eVl¢i’Zp _ 7T* ( eVl(bi ) . 7_(_* ( eV1¢j ) . 1
e(NZp) 0 e(NZFO) ¢ e(]\/ZrO) 7T§Cl (LQ) — W;kwl
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By Sections 27.1 and 27.2 in [MirSym]|, on Zp,

ndo—1
o5 — Oy o5 — Oy
e(Vy) = 71:[0 (nai +r Jdo )7 1 =c1(L2) = Jdo ;
R ey (3.21)
. d Qj—Qy o Q;—Q
vz = o T () T (oowre ).
r=1 r=0 k#i,j
Thus, using (3.8) and taking into the account the automorphism group, Z4,, we obtain
e(V)evidi 1 ;
= Y (dy). 3.22
/ZFO (h—=y1)e(N2r))  h— 2 () (322)

By (3.18), (3.21), and (3.22), the contribution of I" to (1.19) is

v [ oot 1
z.  h—in zre(N2Zr)
- 2
 Cl(dg)u® {udc [ eWeviom® 1 } (3.23)
h— % Zr h—i1  e(NZr,) S '

We next sum (3.23) over I' € 4;(j;dp). This is the same as summing the expression in the curly
brackets over all m-pointed graphs with the marked point 1 attached to a vertex v labeled j, i.e. all
graphs of types A; and Bj. By the localization formula (3.9), the sum of the terms in the curly
brackets over all such graphs I'. is Z,, g(h, oj, u). Thus,

* L3 J do
do+de e(Vy)evigim 1 _ C (do)u
U = - Z a; — o) /dy, i, ). )
Z /Zr hi—1n zre(NZp) h_ajd—oai Tiﬂ(( J )/do, ) (3.24)

e A;(j;do)
We conclude that Z, g(h, z,u) is C-recursive in the sense of Definition 2.3:
e the middle term in (2.13) consists of the contributions from the graphs of type B;;

e the (do,j)-summand in (2.13) consists of the contributions from the graphs of type A;(j;dop).

3.3 Proof of Lemma 1.3

In this subsection we deduce Lemma 1.3 from Lemma 3.1, which is proved in the next subsec-
tion. The argument, in this subsection and the next one, is a modification on the proof of self-
polynomiality of Z in Section 30.2 of [MirSym].

We will denote the weight of the standard action of the one-torus T! on C by h. Thus, by
Subsection 3.1,

Hyy ~ Q[ H% ~ Qlh, a1, ..., ap) = H%%Qa(h).

Throughout this subsection, V = C®C will denote the representation of T' with the weights 0
and —A. The induced action on PV has two fixed points:

g =10, ¢=I[0,1].
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Let 4 — PV be the tautological line bundle. Then,

(i), =0, e(i)],, = ~h e(TuBV)=h, e(T,PV)=—h (3.25)

For each d€Z*, the action of T on C"®Sym?V* induces an action on
X, = IP’((C”@Syde*).
It has (d+1)n fixed points:
P(r)=[Pou"0"], i€[n], re{0}uld],
if (u,v) are the standard coordinates on V and P; € C" is the ith coordinate vector (so that

[P]=PeP" ). Let B
Q=e(v") € Hx(Xq)

denote the equivariant hyperplane class.

For all i€ [n| and r € {0}U[d],

s=d k=n
Qe = ait+rh,  e(Tp)Xa) = { 1111 (Q—ak—rh)} R (3.26)
s=0 k=1 Q=a;+rh
(5,k)#(ryi)
Since
BX,=P(B (C"@Symdv*)) — BT and
s=d k=n
c(B((C”@Syde*)) = H H (1 — (agp+sh)) € H* (B']f‘), 12
s=0 k=1
the ']Nl‘—equivariant cohomology of X4 is given by
B o s=d k=n
HE(Xg) = H* (BXa) = B (BT[] / TT TT (2~ (an-+sm)
s=0 k=1
s=d k=n
zQ[Q,h,al,... /HH —ak—sh (3.27)
s=0 k=1
s=d k=n
C Qa[h,Q]/H H (Q — —rh).
s=0 k=1

"The weight (i.e. negative first chern class) of the T-action on the line P;(r) C C"®Sym?V* is a;+rh. The tangent
bundle of X4 at P;(r) is the direct sum of the lines P;(r)* ® Py(s) with (k, s)# (¢, 7).
12The vector space C"®Sym?V* is the direct sum of the one-dimensional representations Py (s) of T.
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There is a natural 'ﬁ‘—equivariant morphism
O: Mo (PV xP" !, (1,d)) — Xq4.
A general element of b of My, (PV xPr=1 (1, d)) determines a map
(f,9): P! — (PV, P"),
up to an automorphism of the domain P'. Thus, the map
gof~L:PV — P!

is well-defined and determines an element ©(b) € X4. The map O extends continuously over the
boundary of My, (PV xP" 1, (1,d)).!* We denote the restriction of © to the smooth substack

Xg={b€Mom (PVXP" 1, (1,d)): evi(b) €qi xP" 1, eva(b) €go x P!} (3.28)
of Mo (IP’VX]P’"_I, (1,d)) by 64, or simply by € whenever there is no ambiguity.
Let
7 Mo (PV <P 1, (1,d)) — Mo m (P, d)
be the natural projection map.

Lemma 3.1 With 2, 3 as in Lemma 1.3 and ® as in (2.2),

00 j=m
(—h)m72<l>g7znﬁ (h,u, 2) Zud 35 (070)2 *< ) H @bﬂjev 1, > Hev (3.29)
d=0 d j=2

Similarly Section 30.2 in [MirSym], this lemma implies that
(—h)m_Q(Pz,gW (A, u, z) € QqlA] Hu, z]]
for the following reason. With 7° as in (3.16), by (3.27)

Jj=m
oo (5" (e)1°) [T evi(e(r0)) ) = Bz 2, a2
j=3

for some Ez z, .4 € Qal[h, Q] of Q-degree at most (d+1)n—1. Therefore, by Lemma 3.1, (3.12),
(3.9), and (3.26),

o

(—h)" 2Pz z, ,(huz) = > ul /3€ 20, (w* (e(Ve)n”) H evj (e(vi‘)))

d—=0
e Ez zﬂ 2:d (7 Q)| By ()
Pi(r )xd)

:ZUd/xd QZE2257,, h Q Zu (
d=0

r=d i=n

r=0 i=1

= <rzdlz§ Ezzﬁn, (h Q) )
d=0 r=0 i=1 i g k= 1(9 i —5sh) la=a;+rn
(8,k)#(r,1)
> E h,Q
:Z e Qz ZZB”I’ ( ) dQ )
27” Hs =0 k 1(9 o —sh)

13For a complete algebraic proof, see Lemma 2.6 in [LLY].
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Figure 3: A graph representing a fixed locus in Xg4; i#1,3,4

In the last expression, the integral has the same meaning as in Lemma 2.1. We have thus shown
that Z,, g is polynomial with respect to Z, assuming Lemma 3.1.

3.4 Proof of Lemma 3.1

In this subsection we use the localization formula (3.9) to prove Lemma 3.1. We show that each
fixed locus of the T-action on X4 contributing to the right-hand side of (3.29) corresponds to a pair
(T'1,T2) of a graphs, with I'y and T'y contributing to Z(h, a;, ue™) and (—h)™ 22, 5(—h, a;,u),
respectively, for some i€ [n].

Similarly to Subsection 3.2, the fixed loci of the T-action on Mo.m (IP’VX}P’"*I, (d, d)) correspond to
decorated graphs I' with m marked points and no loops. Each edge should be labeled by a pair of
integers, indicating the degrees of the corresponding maps in PV and in P"~!. Each vertex should
be labeled either (1,7) or (2,j) for some j € [n], indicating the fixed point, (g1, P;j) or (g2, P;), to
which the vertex is mapped. No two consecutive vertex labels are the same, but if two consecutive
vertex labels differ in the kth component, with £ =1,2, the kth component of the label for edge
connecting them must be nonzero.

The situation for the T-action on
X C Mo (PV P (1,d))

is simpler, however. There is a unique edge of positive PV -degree. We draw it as a thick horizontal
line. The first component of all other edge labels must be 0; so we drop it. The first components of
the vertex labels change only when the thick edge is crossed. Thus, we drop the first components
of the vertex labels as well, with the convention that these components are 1 on the left side of the
thick edge and 2 on the right. In particular, the vertices to the left of the thick edge (including
the left endpoint) lie in ¢; x P"~! and the vertices to its right lie in go x P"~!. Thus, by (3.28),
the marked point 1 is attached to a vertex to the left of the thick edge and the marked point 2 is
attached to a vertex to the right. Furthermore, by the first identity in (3.25), such a graph will not
contribute to the right-hand side of (3.29) unless the remaining marked points are also attached
to vertices to the right of the thick edge. Finally, both vertices of the thick edge have the same
(remaining, second) label i € [n]. Let A; denote the set of graphs as above so that the two endpoints
of the thick edge are labeled i; see Figure 3.

If T'€ A;, we break it into three sub-graphs:

(i) T'y consisting of all vertices and edges of I' to the left of the thick edge, including its left
vertex vy, and a new marked point 2 attached to vy;
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Figure 4: The three sub-graphs of the graph in Figure 3

(ii) 'y consisting of the thick edge, its two vertices v; and vy, and new marked points 1 and 2
attached to v; and vg, respectively;

(iii) 'y consisting of all vertices and edges of I' to the right of the thick edge, including its right
vertex vo, and a new marked point 1 attached to vo;

see Figure 4. The fixed locus in X4 corresponding to I" is then
ZF ~ Z[*l X ZFO X ZFQ. (330)

The middle term is a single point. Let 71, mg, and 7o denote the three component projection maps.
Denote by di and do be the degrees of I'y and I's, i.e.

Zpl C ﬁog(]}m*l, dl), ZFQ C ﬁ()’m(lpn*l, dg).

The exceptional case for the first statement is dy =0, in which case the corresponding moduli space
does not exist.

Suppose I'€ A;, d; and dy are as above, and d; >0. Similarly to (3.19),
* 6’|ZF =mV] & TV,

NZF *<NZF1>@ *<NZF2

TpiIP’”—lzﬂl TP,-IPm_l T2 TPinm—l

(3.31)
> ®miLy@myLly @ myLle ® w5 L1,

where N Zr — Zp is the normal bundle of Zp in X4 and Ly — Zp,, L1, Lo — Zr,, and L1 — Zr,
are the tautological tangent line bundles. We note that

Ly =T,P' and Ly=T,P" on Zr,.

Thus, by (3.31), (3.8), and (3.25),

m*(e(V5)n”) f[ evi(e(y")) = mre(Vy) - w5 (e(Vyn’ (=)™ ?), (3.32)
j=3 r
Hk;éi(ai_ak)zﬂ*( evy9; )ﬂ*< evio; > 1 _ 1
e(NZr) "\ eV 2Zr,) \e(NZr,)) h—7s (=h)— 7w

The map 6 takes the locus Zr to a fixed point Py(r) €X4. Tt is immediate that k=14. By continuity
considerations, r=d;. Thus, by the first identity in (3.26),

G*Q}Zp = o;+dih.
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Combining (3.30) and (3.32) with this observation, we obtain

/ 07z % (e(V(l)/)nﬂ) H;ig‘ evj» (e(fy*)) |2p B (—h)m_2 eQi?
Zr e(N2Zr) B Hk;éi(ai_ak) (3.33)
y edlhz/ e(Vg)evioi 1 / e(Vi)n’ 1
Zr, h—1s 2ry e(NZFI) Zry (—=h) =1 2ry e(NZFQ) '

We note that this identity remains valid for dy =0 if we set the term in the first curly brackets to 1
for dy; =0.

We now sum up (3.33), multiplied by u® % over all I' € A;. This is the same as summing over all
pairs (I';,I'y) of graphs such that

(1) Ty is a 2-pointed graph of a degree d; >0 such that the marked point 2 is attached to the
vertex labeled i;

(2) I'y is an m-pointed graph of a degree do >0 such that the marked point 1 is attached to the
vertex labeled 1.

By the localization formula (3.9),

Zudl edlhz/ e(Vy)evso;
T h—1s

i

1 d e(Vy)
=14+ ehz d/ 0 evE ;
Zr, e(NZFl) } Z(u ) Mp,2(Pr—1,d) h_¢2 V2¢

Zry d=1
=1+ uel d/ (Vo evig; = Z(h, a;, ue™);
d;( ) Toa(er-ta) h—t1 ( ) (3.34)
Zudz /e(V(l)/)UBEVT@ 1 _ iud/ e(Vg)n’evig:
T z, (Ch) =1 Iz, e(NZ2r,) | = et (Zh) =1
= ,7,5( — h, ai,u).
Finally, by (3.9), (3.33), and (3.34),
j=m =n iz
*Q)z, * * m— e z
/ Dz (e(V)n®) T evi(e(r)) = (=)™ 2 mz(r% i, ue™) 2, 5 (= h, i, u)
Xa j=3 i=1 g

= <_h)m72®z,zn’g (h7 u, Z),

as claimed in (3.29).
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