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A PROOF OF A CONJECTURE OF MARINO-VAFA
ON HODGE INTEGRALS

CHIU-CHU MELISSA LIU, KEFENG LIU & JIAN ZHOU

Abstract

We prove a remarkable formula for Hodge integrals conjectured by Marifio
and Vafa, 2002, based on large N duality, using functorial virtual localiza-
tion on certain moduli spaces of relative stable morphisms.

1. Introduction

Let M, ,, denote the Deligne-Mumford moduli stack of stable curves
of genus g with n marked points. Let m : ﬂg,n_t,_l — ﬂg,n be the
universal curve, and let w; be the relative dualizing sheaf. The Hodge
bundle

E = mowy

is a rank g vector bundle over M, ,, whose fiber over [(C,z1,...,z,)] €
Mgy is H°(C,we). Let s; : Mg — Mgy pnt1 denote the section of m
which corresponds to the i-th marked point, and let

*
]L"L - Si Wr

be the line bundle over M, ,, whose fiber over [(C,z1,...,2,)] € My,
is the cotangent line T); C' at the i-th marked point x;. A Hodge integral
is an integral of the form

_ ok X
[ I
Mg,n

where 1; = ¢1(L;) is the first Chern class of L;, and \; = ¢;(E) is the
j-th Chern class of the Hodge bundle.
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290 C.-C.M. LIU, K. LIU & J. ZHOU

Hodge integrals arise in the calculations of Gromov-Witten invari-
ants by localization techniques [14} [§]. The explicit evaluation of Hodge
integrals is a difficult problem. The Hodge integrals involving only
classes can be computed recursively by Witten’s conjecture [26] proved
by Kontsevich [13]. Algorithms of computing Hodge integrals are de-
scribed in [3].

In [23], M. Marino and C. Vafa obtained a closed formula for a
generating function of certain open Gromov-Witten invariants, some of
which has been reduced to Hodge integrals by localization techniques
which are not fully clarified mathematically. This leads to a conjectural
formula of Hodge integrals by comparing with the calculations in [12].
To state this formula, we introduce some notation. Let

Ag(u) =ud — A 4 (=19,

be the Chern polynomial of EV, the dual of the Hodge bundle. For a
partition p given by

P12 plo 2 2 ) >0,

let |p| = ZZ 1/%, and define

B /[ |H|+l ()1 lil_l /’L’LT+CL)
Cyu(T) = T AwG ( (1+1)) H M—l

' / Ay (DAY (=7 — 1)1\;( T)
Mg i) Higf(l — i)
— Z )\29—2“(#)(397“(7-)

920

Note that

/ Ay (DAY (=7 — 1A (1) :/ 1
Mo T - i) Mo TT (1 — pards)

= |t )3

for I(u) > 3, and we use this expression to extend the definition to the
case [(p) < 3.
Introduce formal variables p = (p1,p2,...,Pn,- .. ), and define

Pu = Puq - 'pﬂl(u)
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for a partition p. Define generating functions

C(\;1;p) = ZC )\Tp#,
lu[>1

C(\;m;p)® = eCTiP)

As pointed out in [23], by comparing computations in [23] with com-
putations in [12], one obtains a conjectural formula for C,(7). This
formula is explicitly written down in [28]:

) cunnﬂ=§j‘”gl§j< SOy e

n21 woNU =gl =l

) eﬁ(f+§)ﬁm>\/2vyi<)\)>pm

2 cxmp)t=> | > X)) =i ey, ) | Pus

>0 \[p/=lyl "

sin [(vg —vp + b —a)\/2]
sin [(b— a)A/2]

1
1Y) T2, 2sinf(o — i+ 1(1)A/2]

The right-hand side of (1)) is actually some truncated version of the more
general formula [23] (5.6)] given by Marino and Vafa.

(3) =1

1<a<b<l(v)

We now explain the notation on the right-hand sides of (1) and (2).
For a partition u, x, denotes the character of the irreducible represen-

tation of S; indexed by p, where d = |u| = ZZ( l),ul The number r, is
defined by

=+ Sl = 2
For each positive integer ¢,

mi(p) = {7 : pj = i}|.
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292 C.-C.M. LIU, K. LIU & J. ZHOU

Denote by C(v) the conjugacy class of Sy corresponding to the partition
v, and by x,(C(v)) the value of the character x, on the conjugacy class

C(v). Finally,
ZM = H m m] (;u'

In this paper, we will call ( ) the Marino-Vafa formula. The third
author proved in [27] some special cases of the Marifio-Vafa formula and
found some applications [29, [30].

We now describe our approach to the Marino-Vafa formula (1)). De-
note the right-hand sides of (1) and (2)) by R(A;7;p) and R(A; 7;p)® re-
spectively. In [28], the third author proved the following two equivalent
cut-and-join equations similar to the one satisfied by Hurwitz numbers
(see [7], [15], [11, Section 15.2]):

Theorem 1.
(4)
oR \/?1)\ ( %R . OR OR OR >
or 2 i%l IPit] Op;iOp; JPitj dpi Op; (i +J)pivj 57— Opirg
(5) 2
o _ VD > UPH‘aiR + (i + J)pip; R
7 OpiOp; T Opisi

T 2
? ij>1 Pit

Here is a crucial observation: One can rewrite (5) as a sequence
systems of ordinary equations, one for each positive integer d, hence
if C(\;7;p)® satisfies (9), then it is determined by the initial value
C(A;0;p)®. To prove (1) or (2), it suffices to prove the following two
statements:

(a) Equation (4) is satisfied by C(\; 7;p).
(b) C(A;0;p) = R(X; 0;p).

Or equivalently,
(a") Equation (5) is satisfied by C(X\; 7;p)°.
(b) C(X;0;p)* = R(X; 0;p)°.

The generating function C(X;0;p) of Hodge integrals has a closed
formula [4, Theorem 2]. This closed formula is shown to be equal to
R(X;0;p) in [28]. Therefore, the Marino-Vafa formula (1) follows from
the following theorem.
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Theorem 2.

aC  v/—Ix o%C
VT Z(

o % _ e €
© 5 2 53 P piop;

+ijpi e o + (i + J)pip; o
" 9p; Op; opiyy )
Our earlier paper [21] contains an essentially complete proof of the
Marino-Vafa formula based on the approach described above. The pur-
pose of this paper is to supply various computational details, and to
present some related results. See [25] for another approach to the
Marino-Vafa formula.

The rest of this paper is organized as follows. In Section 2, we give
a proof of the initial condition (b). In Section 3, we give a proof of
Theorem [1. The materials in these two sections are already contained
in [28] and some in [21], and included here for the convenience of the
readers. In Section 4, we recall the moduli spaces of relative stable
morphisms and obstruction bundles which will be used in the proof of
Theorem 2. In Section |5, we use the graph notation to describe the torus
fixed points in the moduli spaces introduced in Section 4. In Section 6,
we prove Theorem 2| by functorial virtual localization. Details of virtual
localization are given in Appendix|Al In Section[7, we reproduce the cut-
and-join equation of Hurwitz numbers (proved in [7], [15], [11, Section
15.2]) by virtual localization.

2. Initial condition

We recall some notations for partitions. For a partition v, let v/
denote its transpose. Define

@ ) =3 1= 3 (%).

i %

The hook length of v at the square = located at the i-th row and j-th
column is defined to be:

hz) =vi+vi—i—j+1.
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Then one has the following two identities [22, pp. 10 -11]:

i Hl(u H z+l (1 . tj)
(8) xel_J;(l _th( )) HZ<](1 ti—vi— i+j) )
(9) > h(z) = n() +n) + |-

We first obtain a simple expression for V().
Proposition 2.1.

1
21 HxEV Sln[h(m))‘/Z] .

Proof. We rewrite the right-hand side of (8) as follows.

Vu(A) =

H 11—[ 'L+l(u)( tj) (v) vi—itl(v) '
Hz<](1 tVZ—Vj—Z+]> : H (1 —tj)

i=1 j=1—i+l(v)

l(l’) Vg
o Hz<j(1 t- Z HH y —i+( y)
- tw—w—w

7,1]1

RHS =

P . P v Pu,
iU i QT i) /2

Hi<j(t_(j_i)/2 _ 75(]‘—z‘)/2)
. HKj(t—(w—Vj—iJrj)/? _ t(w—Vj—iﬂ')/?)

l(l’) Vi

HH —(j—itH®))/ t(j—i+z(u))/2)_

i=1j5=1

Now

) v
D= =Y wimvi =it (i)
i<j i<j i=1 j=1
W(v) v (v) I(v) v
SR ILEDSUED B IY —ZZHZZZ
1<j 1<j i=1 j=1 i=1 j=1 =1 j=1
I(v) I(v) I(v) 1/‘(1/' n 1) I(v)
= 3 it Y- D Y S i)
i=1 j=1 i=1

=1



A PROOF OF A CONJECTURE OF MARINO-VAFA

—|v|l(v) + sz

U L(v) — l(v)

v)
I/ .
+Zy—1w+2 ’ + vl =i+ vli(v)
j=1 = i=1

~
—~

1/) I(v)
v]+2 )+|ur

+n(V)+|V|
)

1
EM

Il
=
S

)
h

(z).

8
m
R

Comparing with the left-hand side, one then gets:

H (tfh(a:)/Q - th(w)/Z)

TEev
L (U2 g2
- Hz‘<j (t=Wimvi=i44)/2 _ ¢(vi—vi=it+j)/2)

l(v) Vi

HH —U=iH))/2 _ yi=itl)/2),

1=1j5=1
The proof is completed by taking t = e~ V—IX,

We next compute the initial values C(A; 0;p).

Proposition 2.2.

Z \/7d+1pd

C(X; 0;
) 2dsin(d\/2)

Proof. When I(u) > 1, we clearly have

Cu(X;0) = 0.
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When p = (d) we have

d—1
d-
Clay(X;0) Z)\Qg 1 gitt [[o=i(d-0+a)

s (d—-1)
/ A;(l)A;/(O)A;/(—l)
Mg 1 —dyy
\/jld-f—l
:_T +Zd)\29 1/ gw292
g>1 Mg
RV NV
d?X  sin(d\/2)
\/jld-‘rl
T 2dsin(d)\/2)

In the second equality we have used the Mumford’s relations [24] 5.4]:
A (DAY (—1) = (—=1)9.

In the third equality we have used [4, Theorem 2]. This completes the
proof. q.e.d.

Proposition 2.3. We have the following identity:

KpV/=1IA N
log ZZ Z I]... 2sin( (6))\/2) Z?? Z2dsm (d\/2)

n=0|p|=n [n|=|p| *¢<P

To prove Proposition 2.3, we need the following two lemmata.

Lemma 2.4. Introducing formal variables x1,..., Ty, ... such that
pi(wl,...,xn,.._) :x’i+...+x;+,,_

Then we have

n(p)
n q Xp(1) 1

t = - .
21D 2 e, (1 —¢"@) 2z 77 [T, (1 twgi D)

nz0  |p|=n|n|=|p|
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Proof. Recall the following facts about Schur polynomials:

(11) sp(i) = 3 Xi(n)pn(x)a
ml=lpl "
n(p)
(12) sp(l,q,4%,...) = I 211 —
1
(13) " sp(2)sp(Y) = 57—
nzz:o gn ST (U i)

Combining the last two identities, one gets:

g 1

Ztn Z HeEp(l - qh(e))sp(x) - Hi,j(l - txiqjil) ‘

n>0  |pl=n

The proof is completed by (11)). q.e.d.

Lemma 2.5. For any partition p we have

(14) &S (o) — o) = gp + slol
Proof.
1
B Z h(e) —n(p)
eep
= S ((p') — n(p) + Io)
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Proof of Proposition 2.3l Let q = e~V=IA and t = v/—1¢'/2. Then

n qn(p) Xp(77)
2.1 & Tell=e & g

nz0  |pl=n|n|=|p|

DONELTIDY

P
1 e
2 een O Xp (n)

e)/2 _ e)/2 Dy
n20 lpl=n [n|=|p| Hee” M= g
1 1
n _amTam (n)
=> V12 9 Xon) |
n;_o pzzn Ulgp Heep(qih(e)/Q — 2y g T
KpV/—1A

Xp(1)
=22 2 HeGPQSm( (©N2) 2, I

n20|pl=n [n|=|p|

Hence by (10),

e%np\/le Xp(n)
log ZZ Z [1.c,2sin(h(e))\/2) b

Z
n>0 |pl=n |n|=|p| ~ ¢€P K

n(p)

n q Xp(1)

= log E t g E p
HeEp(l - qh(e)) 277 K

n=0 Ipl n |n|=|pl

zlog 1 ZZ tddj 1)d
IT;, (1 —tzigl™ ij>1d>1
i pa t?
— SOy gy, =2
—
>1d>1 d a>1 dl1l-q
T
- s
2ds1n (d\/2)

By Proposition 2.1/ and Proposition 2.3, we have
RO:0:p) = 1 Xo(M) Lr,/=Tays ()
o) =1og (XY 3 Xy,
n>0|p|=nnl=lp| "

etV Xp(n)p
2sin(h(e)A/2) z, "

0 (XY 4

n>0 |pl=n [n|=|p| =P
/7d+1
=" 2 Sas@n/) 7
2dsin(d\/2)
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By Proposition 2.2, we have

o \/—71d+1pd
C(X;0;p) = ; 2dsin(dr/2)’

So the initial condition (b) holds.

3. Proof of Theorem 1

Let p,n be two partitions, both represented by Young diagrams. We
write n € J; j(1) and p € C; (n) if n is obtained from p by removing a
row of length ¢ and a row of length j, then adding a row of length i + j.
It is easy to see that

’@(N)mj(ﬂ) i 75 j7

m [
(15) _mis(m) ]
Hkmk(n)' ms mi () —1 .
i mi(W-1)
NI J:
Recall

c#:Zg

gelCly,
lies in the center of the group algebra CS;, hence it acts as a scalar

fu() on any irreducible representation R,. In other words, let p :
Sq — End R, be the representation indexed by v, then

> plg) = fulw)id.

9€C (1)

We need the following interpretation of x, in terms of character.

Lemma 3.1. We have

Ky = 2£,(C(2)),

where we use C(2) to denote the class of transpositions.

299



300 C.-C.M. LIU, K. LIU & J. ZHOU

Proof. By [22), p. 118, Example 7],

X (C(2
fue@) = 0@ ) )
w . (v)
= <21> — Z(z -1y,
i=1 i=1
1(v)
= % 2 (VZQ — 2il/i + l/l') = %Iﬁy.
In the above we have used (7). q.e.d.

We need the following result:

Lemma 3.2. Suppose h € Sq has cycle type . The product coy - h
is a sum of elements of Sq whose type is either a cut or a join of u. More
precisely, there are ijm;(u)m;(u) (when i < j) or i®m;(p)(m;(n) —1)/2
(when i = j) elements obtained from h by joining an i-cycle in h to
a j-cycle in h, and there are (i + j)mit;(p) (when i < j) or imog;(p)
(when i = j) elements obtained from h by cutting an (i + j)-cycle into
an i-cycle and a j-cycle.

Proof. Denote by [s1,...,si] a k-cycle. Then
[s,t] - [8,82,..., 85t b0, ..., tj] = [s,82,...,8][t, ta, ..., 5],
i.e., an i 4 j-cycle is cut into an i-cycle and a j-cycle. Conversely,
[s,t] - [s,82,...,8i][t,ta, ..., t;] = [s,82,..., 8, t,ta,.... 1],

i.e., an i-cycle and a j-cycle is joined to an i + j-cycle. Hence, for a
permutation A of type p, ¢y - h is a sum of all elements obtained from
h by either a cut or a join. Fix a pair of i-cycle and j-cycle of h, there
are i - j different ways to join them to an (i + j)-cycle. Taking into the
account of m;(y) choices of i-cycles, and m;(u) choices of j-cycles, we
get the number of different ways to obtain an element from h by joining
an i-cycle in h to a j-cycle in h is

{z‘jmxu)mj(u% i<
im; () (ma(p) —1)/2, i=j.

Similarly, fix an (i + j)-cycle of h, there are i + j different ways to cut it
into an ¢-cycle and a disjoint j-cycle when ¢ < j. When ¢ = j, there are
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only 7 different ways to cut it into two i-cycles. And taking into account
the number of (7 4 j)-cycles in h, we get the number of different ways
to obtain an element from h by cutting an (i + j)-cycle into an i-cycle
and a j-cycle is

(@ + J)migs(p), @<,

For any h € Sy of cycle type 1 we have

S (et

m; (1)

b;
—Ztrfu ldp’/ )]];[Zm’(u)”%(,u)'

:;tr Z pu(9) - pu(h) Hzmlij)imz(,u)'

geC(2)

m;(p)

p;
_%:trpy 2 o n | i

9eC(2) i

=S U0 D dimi(wm;(w)xe ()
“w

1<j \neJi;(w)

+ Z i+ 7)mii (1) xv (1)
nECzJ( )

X S i) - D)

i neJi,i(w)
pmi(ﬂ)
+ 3 imae® | ) o
neC; (1) ' e

o v
(gt 2

]
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In the last equality we have used (15). It follows that

OR(\;75p)*
or
_ \/?/\ <f1/(2) XV(C(MDP;L) 6\/?1(T+%)H”)‘/2VV()\)

78”7 “h

\/ 1 0 0 0
5 ]szr]a o +(+J)pzpjalﬂ

Z Xl/ e V=1(t+3 )I{y}\/QV ()\)

This finishes the proof of Theorem (1.

4. Moduli spaces of relative stable morphisms

In this section, we introduce the geometric objects involved in the
proof of Theorem 2.

4.1 Moduli space of relative morphisms

We first describe the moduli space of relative stable morphisms to P!
used in [19]. The moduli spaces of algebraic relative stable morphisms
are constructed by J. Li [16].

We introduce some notations. For any nonnegative integer m, let

1 1
P![m] = P(g) UP(;) U~ - UP,

be a chain of m 4 1 copies P!, where IP%Z) is glued to IP’%HI) at pgl) for
0 <1 <m —1. The irreducible component }P’(lo) will be referred to as
the root component, and the other 1rredu01ble components will be called
the bubble components. A point p1 7& p1 ~U is fixed on IP’% ) Denote
by 7[m] : P'[m] — P! the map which is 1dent1‘g(})f) on the root component

and contracts all the bubble components to p;’. For m > 0, let

denote the union of bubble components of P![m)].
Let u be a partition of d > 0. Let M (P!, 1) be the moduli space
of morphisms

fi(Comy, . my) — (]P’l[m],pgm)),
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such that:

L. (C,x1,...,2y)) is a prestable curve of genus g with I(u) marked
points. For convenience, we assume the marked points are un-
ordered.

2. f‘l(pgm)) = 25(2“1) wiz; as Cartier divisors, and deg(w[m]o f) = d.

3. The preimage of each node in P![m] consists of nodes of C. If

fly) = pgl) and C1 and Cy are two irreducible components of C
which intersect at y, then f|o, and f|c, have the same contact

order to pgl) at y.

4. The automorphism group of f is finite.

Two such morphisms are isomorphic if they differ by an isomorphism of
(0)

the domain and an automorphism of the pointed curve (P!(m), p;,
pgm) ). In particular, this defines the automorphism group in the stability
condition (4) above.

In [16, 17], J. Li showed that M,o(P', 1) is a separated, proper
Deligne-Mumford stack with a perfect obstruction theory of virtual di-
mension

r=29—2+d+1(p),

so it has a virtual fundamental class of degree r.

4.2 Torus action

Consider the C*-action
t-[20: 2 = [0 : 21

on PL. Tt has two fixed points pg = [0 : 1] and p; = [1 : 0]. This induces
an action on P![m] by the action on the root component induced by the
isomorphism to P!, and the trivial actions on the bubble components.
This in turn induces an action on Mg o(P!, ).

4.3 The branch morphism

There is a branch morphism

Br: M, o(P', u) — Sym"P' = P,
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Note that P" can be identified with P(H(P!,O(r)), and the isomor-
phism
P(HO(P', O(r)) = Sym"P*

is given by [s] +— div(s). The C*-action on P! induces a C*-action on
HO(P*, O(r)) by
£ (O)R ()R = R (0)R (1R,
So C* acts on P" by
t-lag:ay:---:a;]=lag:t tay: -t "a,l,

where [ag : a1 : .-+ :a;] corresponds to > p_g ar(20)F (21 7k €
HY(P!, O(r)). With this action, the branch morphism is C*-equivariant.
See [6}, 9] for more details.

The C*-action on P" has r + 1 fixed points pg, ..., pr, where pp € P"
corresponds to the complex line C(2)*(z1)"=* ¢ HO(P', O(r)).

4.4 The obstruction bundle

In [19], J. Li and Y. Song constructed an obstruction bundle over the
stratum where the target is P'[0] = P!, and proposed an extension
over the entire M, o(P!, 1). Here we use a different extension which is
defined in [I, Section 3].
Let
T Uy — Mg o(Ph 1)

be the universal domain curve, and let
Py — ﬂg,O(Pla 1)
be the universal target. There is an evaluation map
F Uy — Tgp

and a contraction map
~ . 1
m:Ty, — P

Let Dy, C Uy, be the divisor corresponding to the I(x) marked points.
Define

Vp = R'm.(Ou, , (~Dy )
Vp, = R\ F*Op1 (—1),
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where F = 7o F : Ugp — P!, The fibers of Vp and Vp, at
[f : (Cal‘la s 7ml(u)) - ]Pl[m] } € MQ,O(]P)I’/J’)

are HY(C,O¢(—D)) and H'(C, F*Op1(—1)), respectively, where D =
x1+ -+ 2y, and f = w[m] o f. Note that

HO(C’ OC(_D)) = HO(C’ f*opl(_l)) =0,

so Vp and Vp, are vector bundles of ranks I(1) +¢g — 1 and d + g — 1,
respectively. The obstruction bundle

V:VD@VDd

is a vector bundle of rank r =29 — 2 +d + ().

We lift the C*-action on M, o (P!, 1) to Vp and Vp , as follows. The
action on Vp, comes from an action on Opi(—1) — P! with weights
—7 — 1 and —7 at the two fixed points pg and pi, respectively, where
7 € Z. The fiber of Vp does not depend on the map f, so the fibers
over two points in the same orbit of the C*-action can be canonically
identified. The action of A € C* on Vp is multiplication by A".

5. Fixed points of torus action

5.1 Graph notation

Similar to the case of MQ,O(IEM, d), the connected components of the C*
fixed points set M o (P!, M)C* are parameterized by labeled graphs.
Given a morphism

f(Coz, o myy) — P!m]

which represents a fixed point of the C*-action on M, o(P, u), let

f=m[m]of:C—P.
The restriction of fto an irreducible component of C' is either a constant
map to one of the C* fixed points pg,p1 or a cover of P! which is fully
ramified over py and p;. We associate a labeled graph I' to the C* fixed
point

[f : (C,xl, ce ,xl(u)) — ]P’l[m] ]

as follows:

305
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1. We assign a vertex v to each connected component C, of
FY{po,p1}), a label i(v) = i if f(C,) = p;, where i = 0,1,
and a label g(v) which is the arithmetic genus of C, (We define
g(v) = 0 if C, is a point). Denote by V(I')¥) the set of vertices
with i(v) = ¢, where i = 0,1. Then the set V(I") of vertices of the

graph T is a disjoint union of V(I')® and V(I")(".

2. We assign an edge e to each rational irreducible component C. of
C such that f|c, is not a constant map. Let d(e) be the degree of
fle.. Then fle, is fully ramified over po and p;. Let E(I) denote
the set of edges of I

3. The set of flags of I' is given by

F(T)={(v,e):veV(l),ec E(I'),C, NC, # 0}.
4. For each v € V(I'), define

dvy= Y de),

(v,e)eF(T)

and let v(v) be the partition of d(v) determined by {d(e) : (v,e) €
F(I')}. When the target is P'[m], where m > 0, we assign an
additional label for each v € V(I')(1): let pu(v) be the partition of

d(v) determined by the ramification of f|c, : C, — P(m) over

™.

Note that for v € V(I v(v) coincides with the partition of d(v)

determined by the ramification of f|c, : C,, — P!(m) over pgo).

5.2 Fixed points

Let G,0(PL, 1) be the set of all the graphs associated to the C* fixed
points in ./\/lg,o(IP’l, ), as described in Section5.1. In this section, we de-
scribe the set of fixed points associated to a given graph I' € G, (P!, ).

5.2.1 The target is P!

Any C* fixed point in M, o(P!, 1) which is represented by a morphism
to P! is associated to the graph I'’, where

VIO = (v}, VIOD = {uy,... ot BT ={er,. .. e}
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and

gw) =g, g(vi) =0, d(e;) = p
fori=1,...,l(n). The two end points of the edge e; are vy and v;. Let
Aut(p) denote the automorphism group of the partition p of d. Any

morphism associated to the graph I'’ has automorphism group Aro,

where
U(w)

1— HZM — Aro — Aut(p) — 1.
i=1

Let

Fpo — {{pomt}, (9.1()) = (0,1),(0,2),
Mgy, (9,1(m) # (0,1),(0,2).

There is a morphism
iro : Mpo — MQ,Q(IPI, )

whose image is the fixed locus Fro associated to I'g. The morphism ir,
induces an isomorphism

MFO/AFO = FTo.
The dimension of Fyo is

do:{O, (g, 1(n)) =
: 39 —3+1(u), (g,1(n)) # (0,

5.2.2 The target is P[m], m > 0

LetI' € Gy (P!, 11) be a graph associated to a C* fixed point represented

by some morphism to P[m], m > 0. Let ﬂiﬂl) denote the moduli space
of morphisms

f:C —=PY(m)
such that:
(a) C is the disjoint union of {C, : v € V(I')(V}.

(b) (CosTu1y- s Ty i(u(v))s Yo,15 - - - > Yo i(w(v))) 15 @ prestable curve of ge-
nus g(v) with I(u(v)) 4+ l(v(v)) marked points. Here the marked
points are ordered.
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(c) As Cartier divisors,

=~
fQ
~—
—
=
—_—
2
~—
Il
<

(V)i Yo,j-

The morphism (f|¢,) ' (B) — B is of degree d(v) for each irre-
ducible component B of P!(m).

(d) The automorphism group of f is finite.

Two such morphisms are isomorphic if they differ by an isomorphism of
the domain and an automorphism of the pointed curve (P*(m), pgoz pgm)),
which is an element of (C*)™. In particular, this defines the automor-

phism group in the stability condition (d) above.

The moduli space ﬂ(pl) is a variant of J. Li’s moduli spaces of stable
relative morphisms [16, 17]. It is a separated, proper Deligne-Mumford
stack with a perfect obstruction theory.

Given

fi(Cozy, ) — P! [m]

associated to the graph I, let C be the disjoint union of {Cy : v €
V(I)}. Let f be the restriction of f to C'. Then

f: ¢ — ]P’l(m)
(1)

represents a point in My,
Define

ro(v) = 2g9(v) — 2+ val(v), ve VD),
r1(v) = 2g(v) = 2+ U(u(v)) +1(v(v), ve VD)W,

VIO = {o e VD) : ro(v) = —1},
VI = {o e V(D) : ro(v) = 0},
VM) © = fv e V(1) : ro(v) > 03,
V)W = fv e V()M 1y (v) = 0},
VIMW = {o e V)V 11 (v) > 0}
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Note that V(")) # @ by the stability condition (d).

Let Aut(I") denote the automorphism of the labeled graph I". The
automorphism group of any morphism associated to the graph I' is Ar,
where

1— H Zgey — Ar — Aut(T") — 1.
ecE(T)

Let Mr = ﬂ(po) X ﬂg), where

M= I Myw)vaiw)

veVS(T)(0)
There is a morphism
. v el 1
ir : Mp — Mg o(P*, 1)

whose image is the fixed locus Fr associated to the graph I". The mor-
phism ir induces an isomorphism Mrp/Ar = Fr.

The dimension of ﬂ%o) is given by

dV =S (3g(v) — 3+ val(v)),

veVS(1)(0)

and the virtual dimension of ﬂlg) is given by

veV ()™

So the virtual dimension of Fr is given by

dr = d +d”

= > (3g(v) = 3+val(v)) + ri(v) —1
veVS(1)(0) veV(T)@)

= > (3g(v) = 3+ val(v)) + [VII(I) O] + 2 (1))
veV(T) ()

+ ) (29(0) =2+ (u(v) +1(v(v) — 1

veV(r™
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=3 g(v) = 3V I) V| + BT+ VT O]+ 2V (1))
veV (1))

+2 Y g(v) =2V +1(u) + |ET)| - 1
veV (™

=2( > g) = VD) +ED)|+1] =3+

veV(T)

+ ) (9() =)+ VD) 2V (D)
UEV(F)(O)

=293+ + Y (9(v) =)+ VD).

veVS (1))

The last equality comes from the following identity:

g= Y gw)+ul)= Y gv)— V) +|BED) +1,

veV (I) veV (D)

where b1 (T") is the first betti number of the graph T.
6. Proof of Theorem 2

6.1 Functorial localization

Let T'= C*. We have seen in Section 4.3 that the branch morphism
Br: My o(P',p) — P"

is T-equivariant. We will compute

Briep(V Zal Hl =

by virtual functorial localization [20], where H € H?(P";Z) is the hy-
perplane class, and a;(7) is a polynomial in 7. Recall that 7 € Z para-
metrizes torus actions on the obstruction bundle, as described in Section

4.4.

Let pg, ..., pr € P" be the torus fixed points defined as in Section 4.3,
and let fr : pr — P" be the inclusion. From the torus action on P”
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described in Section 4.3, one gets

fiBreer(V) F(r,k)
er(Tp,Pr)  (=1)"FK!l(r — k)

where

,
F(r,x) = Z ay(r)zt.

1=0

By functorial localization, we have

f,:Br*eT(V) . Z 1 iFeT(V)
Pk eT(Tpk]P)T) FFCBrfl(pk) ‘AF| [ﬂr]vir eT(NFH‘)

fork=0,...,r, where Nl‘lir — M is the pull-back of the virtual normal
bundle of Fr in M (P!, u). Note that Br(Fro) = p,, and

Br(fr) = P gy

for T € Gy (P, u), T # I'°. Recall that dg) is the virtual dimension of
ﬂg), and 0 < d(Fl) <r-—1.So

é F(r,k
F(ro) =), (—1)7“’5]{:!(7“)— pit@ =
k=0

(x—k+1)(xz—k—=1)---(x—7)

_ Ir—k(T)x(x_1)...(x_k+1)(x—k—1)"'($—T)a

g?u
k=0
where
. | Aro| Jra er(NY)
and
1 7 eT(V)
¥ (1) = > . trer\v)

TeG,.0(P! ) DATO dp 1=k [ Ar| Jiwg e er (NET)
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6.2 Contribution from each graph
6.2.1 The target is P!

Consider the graph I'? € Ggp(]P’l, u). We first consider the stable case,
ie., (g,0(p)) # (0,1),(0,2). Let d = |u| as before. Using the Feynman
rules derived in Appendix [Al, we obtain

0 (1 _
10 = Ta] ity er i)
_(=n+! (r I()—1 L b T + a)
a IAut(u)\( (r+ L) <Hl (i — 1)!
/ A;/(u)A\g/(Tu)A;/((fol)u)ugl(“)_3
M () Hi(zul) (u — pithi)
DT e (T T e + )
Ao T (Hl (s — 1!

/ A;/(l)A;/(T)A;/(—T - 1)
Mgi() Hi(:“f (1 — pinhy)
=v=1""We, ().

In particular,

_q)d-1 B Up) pi=1 U
[8#(7) = (Aut)(,u)’(T(T + 1))l(u) 1 (Zl_ll a_(llh(ﬁ 1)""‘ ))
/ 1
Moo T (1 — pathi)
_ (=t (r 1(p)—1 o PN+ a) s
= Amg) T (Hl T

The contribution from I'? for the two unstable cases is also given by
the above formula:
d—1
0 _ i1 [ [Ta=i(d7 +a)\ 1
IO,(d)(T) =(-1) <(d—1)' 2
2

0 I et (7 ) ) 1
00009 7 = TR o, i Y (U (1~ 1! ) d
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Note that Igju(’l') is a degree r = 29 — 2+ d + I(n) polynomial in 7
with rational coefficients, and

@Mpﬁ-q):(—nwﬂmgwu)

6.2.2 The target is P[m], m > 0

Consider I' € Gy o(P', u), I' # I'y. Using the Feynman rules derived in
Appendix [A|, we obtain

1 iter(V) 1 vav(p)Bv

= o
|AF| [Mp]vir eT(NIer) |Ar| [Mp]vir —UuU — 1/)t

where

B, — AA HUeEF )(AeAX)7 UEV(F)(O)a
Y A,AY, ve VW,

More explicitly, in the notation of Appendix Al

&( 1 %ﬂ(wwlenWW1
@)

(v,e)eF (I

- [ (d()r + a)
((v e)lgf(r) (d(e) — 1)!

Ay >An ( >A<v¢ <r—+1>> 2val(v)=3
1

ve VII)©,

u—d(e ) ’

d(v v)T+a
d(v)(~1)"0)1 (H L (f)d( ) )f )> - (;2, vevim)©,

d(e1)d(e2) (1)) 71 OITI ( QT+®> 1

veEF

Or ) dwy
v € VD)), (v, 1), (v, e2) € F(T),

(-1 e T d(e), ve V(D)W
(v,e)eF(T)

Recall that 1 (v) = 2g(v) — 2 4 I(u(v)) + val(v) for v € V(I')M), and

dl(}) = ( Z rl(v)) —1

veV ()M
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is the virtual dimension of ﬂ(pl).

‘We have
2
IF( )—L H <|A t(v( ))uo ( )) H i)
" ar ut(v () g() (o) (P .
veV(I)(©) CCE D)
(1)
H <_1)9(v)+val(v)—1/ (TU)diFthl'
UEV(F)(l) [ﬂi})]vir —u — 1/}

Here v(v) is the partition of d(v) determined by {d(e) : (v,e) € F(I')},
as in Section 5.1.
Recall that

Ar| = [Aut(D)]| ] d(e),

eelk

ffmzmml(m IT (Aut @)L )
veV(T)()

H ((1)g(v)+val(v)1 H d(e))
)

veV (1)@ (ve)eF

(Tu)d§1)+1
' /[‘M;_‘l)}vir —Uu — wt
(1) 1
= (—7) Hm H (IAut(V(v))\IS(v),ym(p))
veV(T)(©)

_1\9(v)+val(v)—1 . td<rl>
I1 (( 1) I « >) /[M;n]vir(ﬂ’)

veV (I)@) (vie)eF
= ng“l)JrlJF(T).
Note that JU'(7) is a degree r — dl(}) — 1 polynomial in 7, and
JF(—T . 1) _ (_1)d—l(,u)+d%1)+1jl“(7_)'

6.3 Sum over graphs

We have
I;H(T) = Tk‘];u(T)’
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where Jgu(T) = Igu(T), and

k r
Jgu(T) = Z JH(T)
TE€Gg,0(P!,p) T#Tod() +1=k
for k = 1,...,r. Note that ngu(v') is a degree r — k polynomial in 7,
and

JE (=7 = 1) = (=) Tk R (),
For k =1, we have

dl(ﬂl) = ri(v) —1 =0,
veV(I)@)

so V()M consists of one single vertex & with r1(7) = 1. In particular,
g(v) = 0, and we have the following two cases:

Case 1: u(9) = (ui), v(v) = (J, k), where j + k = p;. In this case, we say
v € C(p) (cut) and define a,, = jk. Note that

H (1)o@ +val) - H d(e) /

D vir
veV ()M (vie)eF Mr ]

_ jk i
=\ —H1 Ml(u) m

= —au,.

Case 2: u(0) = (i, pt5), v(0) = (i + pj). In this case, we say v € J(p)
(join) and define b, , = p; + p1;. Note that

H (—1)Y g(v)+val(v H d(e /Mg)]virl

UeV(F)(l) (v,e)eF
Wi+ g i g
=\ By —
i g M1 ()
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So
1 [Aut(@)], o | Aut(v)| 0
= — b, 1 —_ I
Jg ,u(T) Z ]Aut(l“)\ bll, g,u(T) + Z \Aut(I‘)| Ap,v ( )
veJ(u) veC(u)
| Aut(v1)|| Aut(v? )\
o At o s ()

g1+g2=g,vtUr2€C(p)

= — Z Il(V)IS,y(T)_F Z 12( )Ig l,u(T)

veJ(p) veC(p)

1 .2\70 0
+ Z L',y )Igl,lfljgzm(T)’
g1+g2=g,vtUr2€C(p)

where Iy, I, and I3 are defined as in [15].
We have

Jg,u(T) _ \/_71|N|_l(#)cg“u(7_)’
L (r) = =TT (Zh ZIQ )Cy10 ()

ved veC(p

+ > I, %) Cy 1 (T)Cy, 12 (7)) .

g1+g2=g,v*Ur2eC(p)

It follows from the definition that (6) in Theorem 2! is equivalent to

d o 1
dTJgu() —Jgu(7)-

6.4 Final Calculations
We have

erk z(z—-1)--(z—k+1)(xz—-k—-1)---(x—71)

—ZTT kJTk zz—1)-(z—k+1)(z—k—-1)---(x—7)

—ZTka x(x—1)--

(x=(r—k=1)z—-(r—-—k+1) - (z—71).
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Therefore,
Briep(V ZTka —u)-(H—(r—k—1)u)
-(H—(r—k—i—l) ) (H —ru).
Fori=0,...,r — 1, we have

HHH-u)---(H—(r—k—1Du)(H - (r—k+1u)---(H —ru)
=(H~-(r—ku)+ @ —kuw'HH-u) - (H-(r—k—1)u)
(H—=(r—k+Du)---(H—ru)
=((r—kw)'HH —u)--(H—(r—k—1)u)
(H—=—(r—k+Du)---(H—ru)
H(H —u)---(H —ru)=0.
Therefore,

r

/ Briep(V)H' = u' Y “(r—k)'7"J}F (7).
" k=0

k
Let JF (1) = >0 ;‘37']. We have

u_i/ Br,er(V)H' = Z (r— k:)ia;? 7.
" 1=0 \j+k=l
Here is a crucial observation: as a polynomial in 7, u ™" fpr Br.er(V)H?
is of degree no more than ¢. Therefore,

Z (r— k)ia;? =0
j+k=l
for 0 <i <l <r. Now fix [ such that 1 <[ <r. We have
l .
(16) Y (r—k)af =0, 0<i<l
k=0

which is a system of [ linear equations of the [ + 1 variables {a} , : k =

LI
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Both
{(r—t)i:i:O,...,l—l}
and
{Lt,t(t—1),...,t(t—=1)...(t—=1+4+2)}

are bases of the vector space

{£(t) € Qlt] : deg(f) <1 -1},

so there exists an invertible [ x [ matrix (A;j)o<; j<;—1 such that

-1

tt—1)--(t—i+1) = Ay(r—t).

Jj=0
In particular,

-1

k(k—=1)-(k—i+1)=> Aj(r—k).
j=0

for k=0,1,...,1, so (16) is equivalent to

l
S k(k—1)--(k—i+1af , =0, 0<i<l,
k=0

ie.,

k! .
Zm@f_kzo, OSZ<Z
k=i ’

The above equations can be rewritten as

-1
0 2 3.2 ... .. I(1—1)
0 0 3 - . I-1)(-2)
0 (-1 I1(l-1)---2 a

1

0

0

0

0 :

0 v .-
0
0
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The kernel is clearly one dimensional. One can check that the kernel is
given by
[!

kK _ k 0
(17) ap = (-1) W=
Note that (17) for [ = 1,...,r is equivalent to
N G D AR
(18) Jg,u(’r) - k! WJ%N(T)
for k =0,...,r. In particular,
d o

1
']9711(7-) - _%ngu(ﬂ
which is equivalent to the cut-and-join equation (6) in Theorem 2. Equa-
tion (18) and the cut-and-join equation imply that J;H(T) can be ob-
tained from Jg M(T) by repeating the cut-and-join operation k-times.

7. Hurwitz numbers

In this section, inspired by T. Graber and R. Vakil [9], we use virtual
localization on moduli spaces of relative stable morphisms to recover
some results on Hurwitz numbers. We give a unified proof of the ELSV
formula and the cut-and-join equation for Hurwitz numbers.

The Hirwitz numbers can be defined as

(19) Hy, = / BriH".
[My,0 (P po)]¥ie

We lift H” € H*"(P";Z) to [y (H —wyu) € HZ (P"; Z), where wy, € Z,

and compute
Hy, = / Br* (H — wiu)
[Mg,o(PL,p)]vir (H

k=1
by virtual localization.
Let pr € P" be the C* fixed point defined as in Section 4.3, and
fr : p — P" be the inclusion. Then

FqTH = wyw)) = (H(k‘ = wz)) u" € Hi (py).

=1 =1

Remark 7.1. In the definition of M, (P!, 1) given in Section 4.1}
if we order the [(x) marked points on the domain as in [16} [17], there
will be an extra factor 1/| Aut(u)| on the right-hand side of (19).

319
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7.1 Contribution from each graph
7.1.1 The target is P!

Consider the graph I' € M, o(P!, ). We have Br(Fro) = {p,}. We first
consider the stable case. By the Feynman rules derived in Appendix A
the contribution from I' is given by

r

H(r - wl)ffg’“,

=1
where

Jp— / o
g1 |AF| — l( ) e Nv1r)
2g+2l(u) 3

|Aut \H pa! /g,(u) H ) (w — )

i m
|Aut ‘H /gzw [T (= i)

In particular,

. Hi 1
1§, = —— Z/
01 |Aut(p))| 11_11 it S Mo 40,0 Hi(:”l)(l — i)

1 (1) i

_ Hy 1(p)—3
a1l | @

!
=1 e

The contribution from I'® for the two unstable cases is also given

by the above formula:
5 _dt1_d?
0 " drgz  a
70 1 pht eyt 1

I = -
Oletz) = Aut((p1, p2))| plpe! d

7.1.2 The target is P[m], m > 0
Consider I' € G, o(P, ), T' # TV, We have Br(f1) = {p,_,o_,} The
T

contribution from I' is given by

T

H(T — d?) -1 wl)fF,
=1
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where

e u ! Hoevin Be
‘AF‘ [mr]vir eT(Nglr) |AF| MF vir —UuU — 1/}t ’
~ u29(W)—2+val(v) 4 H(v,e)eF(r)(AeU de)y y e V()
Y w4, veV(IW.

More explicitly, in the notation of Appendix Al

~ d(e)¥e)
(v,e)eF(T") (v,e)eF(T")

AV ( ) 2g(v)+val(v)—3
g(v) VS T (0)
H(v e)eF ( - d(e)w(v,e))’ ve ( ) ’
d(e )
)N eV, (o) € P,

d(ep) M) d(eg) )2 1
d(e1)ld(e2)!  d(v)’
v E VH(F)(O), (v,e1), (v,e2) € F(T),
w@ T dle), vev@mW.

d(e1)d(e2)

) -
T ‘7 H (\Aut(v(@)”ﬁ@),u(v))
V(1) (©
2
H d / w1
(e) -
ecE(T (MR pir —u = v

Recall that

Ar| = |Aut(D) [T de)  J]  dv).

eck veVIL(T)M)
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SO

- (_1)d§1)+1

|Aut(1—\)| H (‘Aut(y(v)”‘[g(v),u(v))

veV (1))

H H d / (1) 74 (wt)d?)'
veVS(ID)D) (ve)eF Mp
7.2 Sum over Graphs
For £k =1,...,r define
Tk Tr
Igu = Z I

PEGy0(P! ), TAT0,dD 41=F

Then .
Tk
Hy, = Z H(r —k—w)lg,
k=01=1

for any wy,...,w, € Z.
Setting (w1,...,w,) =(0,1,...,r —k—1,r—k+1,...,r) yields

Hypo= (—1)FE!(r — R)IE .

The k = 0 case implies the following formula due to Ekedahl, Lando,
Shapiro, and Vainshtein [2], also proved by T. Graber and R. Vakil [9]:

~ Ay (1)
(20) Hgy = T!IO, H / )
. ‘AUt )i Mg TI (1 — i)

For k = 1, we have

Hg = —(r—1)! I;#,

which is, by a derivation similar to that in Section 6.3, equivalent to

(21) (?“H—WIL)':Z +le .,

veJ(p) veC(p

+ Z Z 13(’/’”)]31,1/1]321/2

91+92=9 v Uv2eC(u)
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Combining (20) and (21) one obtains

H v
o= 2 B Z - =y

veJ(w) veC(p

+ Z Z I3(v ,1/2)

g1+g92=9 v1Uv?2eC(u)
. Hgy 1 Hgy, 2

(291 — 24 [P + 1) (292 — 2 + [V2| + 1(¥2))!
which is equivalent to the cut-and-join equation

(22) Hg,u: Z gl/+ Z I2 g 1,v

veJ(p) veC(u)

+ Z Z ( 291 — 2:;|_V11 +10) >

g1+92=9 v1Ur2eC(p)
2
I3 v VHy 1 Hy, o

The above cut-and-join equation was first proved using combina-
torics by Goulden, Jackson and Vainstein in [7] and later proved using
symplectic sum formula by Li-Zhao-Zheng [15] and Ionel-Parker [11),
Section 15.2].
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Appendix A. Localization

In this appendix, we provide details of localization in our particular
case. Related results are discussed in [10]. We first introduce some
notation.

Let (w) be the 1-dimensional representation of C* given by A -z =
AWz for A € C*, z € C. We do calculations on My which is a finite cover
of Fr C Mg o(P, 11), so the weight w of C*-action can be fractional.
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Given I € Gy (P, p), let
[f (O, ) — Pl[m] ]

be a fixed point of the C*-action on M o(P*, u) associated to I'. Given
(v,e) € F(T), where v € VS(I)©O U vV(T)D, let (ve) € C denote the
node at which €, and C. intersect. Let 1, .) denote the first Chern
class of the line bundle over Mr whose fiber at

[f (O, ) — Plm] ]

is Ty Cv. Given v € VINT)O) let g, denote the node at which C,,
and C,, intersect, where {e1,ea} = {e € E(I') : (v,e) € F(I')}.

A.1 Virtual Normal Bundle
The tangent space T and the obstruction space T2 of ﬂg,o(ﬁ”l, ) at

[f (Cyxy, ... 7371(;0) — IP’l[m] ] S ﬂg,o(Pl,u)
are given by the following two exact sequences [17, Section 5.1]:
0 — Ext®(Qc(D), 0¢) — H'(D®*) — T!
— Ext!(Qc(D),0¢) — HY(D®) - T = 0
0 — H(C, f*(wprpmy(logpi™))") — HO(D*) — @5 H (R])
— HY(C, *(wprm (log p{"™))¥) — H'(D*) — &5 HL(RP) — 0
where D = @1 + - - + Ty(,), Wp1[yy) is the dualizing sheaf of P[m],
HYRD= @ T, (@) e Ty (£71®y)) =com,
gef1 (")

Helt(Rl ) ( (l)P( ) ® Tp(ll)P%l+l))@(nl_1)7

()

and ny is~ the number of nodes over p;”.
Let f =7[m]o f:C — P! Then
I (wergmy (l0g py™) ¥ 2 J*Opa (1).
Let
By = Bxt®(Qc(D),00), By = H(C, J*Op (1)),
By = &%, Hey(R}), By = Ext' (Qc(D), Oc),
Bs = H'(C,[*Op (1)), Bg = &[% Hy(RY).
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We now assume that
f:(Crzr, ) — P'[m]] € Fr € My o(P*, ),

where I' € G, o(P!, 1), and F is the set of fixed points associated to
[. The C*-action on M,o(P!, ) induces C*-actions on By, ..., Bs.
In particular, the C*-actions on By and By come from the C*-action on
Op1 (1) which acts on Op1 (1), and Op1 (1), by (1) and (0), respectively.
Let B; denote the moving part of B; under the C*-action. Then each
B form a vector bundle over Mp. We will use the same notation B to
denote the vector bundle.

Note that B3 = 0, and

B 0, m =0,
6=y HL(RY) = (Tp§o>IP%0) ® TpgoﬂPh))@(”O_l), m > 0.
We have ~ ~ _ _
1 _ GT(TQ) . 6T(Bl)€T(B5)€T(B6)

er(NE®) ~ ep(T) er(Bs)er(Bs)

where fl, T? are the moving parts of T, T2, respectively.

A.1.1 The target is P!

We have seen that there is only one graph I'’. Recall that

T = { o) 0100 = 00,02
r Mg,l(u) (gv l(/‘)) 7& (Oa 1)7 (Oa 2)'

We first compute ep(Bi)/er(By). When (g,1(n)) # (0,1),(0,2).
The domain is
C=CypUCU---C

€l(p)
We have
_ _ U(w)
By =0, Bi=@PT,Cy@TyCe,
i=1

where ¢; = q(yy,e;)- SO

ei):

where wz = ¢(U076i).

325
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When (g,1(n)) = (0,1), we have

~ 1 _
By = B, =
1 <d> y 4 07

SO _
er(Bi) _u
er(By) d
When (g,1(u)) = (0,2), we have
~ ~ 1 1
B; =0, B4_<+).
M1 2
SO ~
eT(Bl) B 1
er(Bs) i tis

We next compute GT(B5)/6T(BQ) When (g,1(n)) # (0,1),(0,2),
consider the normalization sequence

W)

0= f*Opr (1) = (floy, ) O (1) @EBﬂc )*Op1 (1

W)

- @Oﬂml

The correspondlng long exact sequence reads
0 — H(C, J*Opi (1))

()

— H(Cug (fle,,) Om (1) @ @ HO(Cey, (fle., ) Om (1))

i=1
— D Opi (1), — H'(C, F*Or (1))
i=1

1(p)

_>H ( an(f‘ovo OPl @@Hl € f|C ) OPl(l))_)O
=1
The representations of C* are

B W) 7 a
0 — H°(C, f*Op1(1)) = H(Cyy, Oc,,) ® (1) & @ (@ < >>

Up)
— @) = HY(C, [*Opi (1)) = H'(Cyy, Oc,,) ® (1) = 0

=1
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So we have
~ () g
(23) r) a0 T ()
er(Ba) =1 \ M

One can check that (23)) is also valid for (g,l(x)) = (0,1),(0,2).

Finally, B = 0, so eT(EG) = 1. We obtain the following Feynman
rules:

: _Av Aev
er(NYY) ’ eeg([FO)
where

@ (9,1()) = (0,1)

Ay ={ THT (9,1(n) = (0,2)
Y @) i)

=1L %ﬁw (9,1(n)) # (0,1),(0,2)
d(e)d(e) —d
A = (e)
©T Tdlen

A.1.2 The target is P[m], m > 0

Let I' € Gyo(Pl,pu), T' # I'°. We first compute er(By)/er(Bs). We
have

ook
I
7N
<9
? —
N~~~
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So

B 1
er(B1) u u
DT T[T )

er(Ba) veVI(1)(©) veVII()(©) \(v,e)eF(T)

1
(S s

veEVS (D)) e)eF () d(e)

gl 11 —u_lw
veV (D)D) \(v,e)eF(T) d(e) (v,e)

We next compute er(Bs)/ep(Bs). Consider the normalization se-
quence

0— f*Op(1) — o, (fle) opm e @ (fle.) Op (1)

N——

veVS(T)Ouv(r)) ecE(T)
- D omme D B Ow(1),
veVIL(T)(0) veVS()©) \(v,e)eF

o P (@ OP1(1)p1) — 0.

veV(I)W \ (v,e)EF
The corresponding long exact sequence reads
0— H(C, [*Om(1))
- @D HCL(fle) o)

veV ST Ouy ()M
o @ HCe (flo.) Op (1))
ecE(T)
- P e B | P o
veVII(D)(©) veVS()©) \(v,e)eF

o P (@ OPl(l)pl)
(

veV (M) \(v,e)eF
— H'(C, f*Om(1))
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R @ HO(Cy, (flo,)* Opi (1))

veVS(T )(O)UV( S

& P H(Ce,(fle,) Om (1)) — 0.

ecE(T)

The representations of C* are

0 — H(C, f*Op1 (1))

- P HC,O0c,)2M)o @ HC,Oq)®(0)
veVS () veV(IH®)
e)
. @ (@( ))
ecE(T
L@ e @ (@m)@ o (@m)
veVIL(T)(©) veVS(I)(©) \(ve)eF veV ()M \(ve)eF
— H'Y(C, f*Op (1))
- @D H(C.O0)oMe @ H(C,Oc)®(0)—0
veVS(T)© veV (M@
So
er(Bs) 11 v 1(v)—1 (d(e)d(e) —d( ))
— = Al (w)u" H u M.
g(v) |
eT(BZ) ’UEV(F)(O) < >€€E(F) d(e)
Finally,

_ |E(D)|—-1
Bg = (Tpgo)]P’% 0) QT (O)P(1)> ,

SO

er(Bg) = (—u —yH)IFOI-L,
(1)

where 9! is the first Chern class of the line bundle over My
fiber at

whose
[f - C =P (m)]
is T%,,P*(m). Note that ¢ = d(e)t),) for v € V(D)D) (v,e) € F.
Py

We have the following Feynman rules:

1
v~ o 1L T1 e

vEV T) eeE)
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where
—u—qpt
H(MG)EF(F) %
= weerm) dle), veV(ID)W,
A (u)
) u S .
A, = QT H(v,e)eF(r) e veV (F)( )7
o) ve VD)),
B st ve VIO,
d(el>+d<82)
(U7 61)7 (1), 62) S F(F),
d(e)d(e) 4
A, = (e)
d(e)l "

L+ >, (A=g@) = VDO + > dle)
)

veVS(r)(© e€E(T

=1+ > (1-g@)- VD9 +d
veVS(T)©

We have seen that the virtual dimension of Fr is

20 -3+ + D (9v) =1+ [VI(ID).
veVS (1))

We have

20 -3+ + >, (gv)—1)+ VD)
veVS (T

+1+ > (1—g) - VDO +d
veVS(T)(0)

=29—-2+d+1(p)
as expected.

A.2 The bundle Vp

The short exact sequence

0— Oc(—D) - Oc — Op —0
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gives rise to a long exact sequence

Up)
0 — H’(C,0¢(~D)) — H(C,0¢) — €P Ox,
=1
— HY(C,0c(-D)) — HY(C,0c) — 0

The representations of C* are

Up)

0 — (1) = () —» H(C,0c(~D)) @ (1) — H(C,00) ® (1) — 0.

=1

So
er(Vp) = e (Vo) (ru) =1,

where
Vo = R'm.Oy, .

Recall that 7 : Uy, — Mg o(P, 1) is the universal curve.

A.2.1 The target is P!

There is only one graph I'V in this case. When (g,1(u)) # (0, 1), (0,2),

consider the normalization sequence

() U(p)
0— O¢ — OC’UO EB@OCEZ_ — @Oqz — 0.

i=1 i=1
The corresponding long exact sequence reads

U(w)

0 — HO(C, OC) — HO(CU07 Ocvo) @ @HO(O@W OCE»L) - @O(h

=1
Up)
— H'(C,0¢) — H'(Cyy, Oc,,)) ® P H' (C,, Oc,,) —

i=1
The representations of C* are
1) ()
0— (1) — (e — P
i=1 i=1

— HY(C,00) ® (1) — H'(Cy,, Oc,,) @ (1) — 0.

331
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So
irer(Vo) = A;/(Tu)
which is clearly also valid for (g,l(u)) = (0, 1), (0, 2).
We have

itoer(Vp) = ALY,

where
D _ (p)—1
Ay = AJ(Tu) - (Tu) (=1,

Note that the degree of if.oer(Vp) is [(n) + g — 1, as expected.

A.2.2 The target is P![m], m > 0

Given a graph I' € Gg,o(]P’l,,u), I' # I'% consider the normalization
sequence

0— O¢c — @ OCU@@OCE

veVS(D)Ouy ()™ e€B(I)

- D oue D D . |0

veVII(T)(0) veVS(T)OuV(T)M) \ (v,e)eF
The corresponding long exact sequence reads

0— H(C,00) — P H(C,,0c,)® € H°(C.,O0,)
veVS(T)Ouv (1)) ecE()

- @ Oq, @ @ @ Ogto.e)

veVII(T)(©) veVS(MOuUV(M® \(ve)eF

— H! (C, Oc)

- EB HI(CU’OCE)@ @ Hl(CeaOCe)_)O'
eV S (T)OuY () ecE(T)

The representations of C* are

0= (1) > P me @ (o)

veVS(T)Ouv ()M e€E(T)
- D me D b @
veVI(T)© veVS(D)OUY(T)D) \ (v,e)eF
— H'(C,0¢) ® (1) — P HY(C,,0¢,) ® (1) — 0.

veVS(T))Ouv(r)®
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So

iter(Ve) = () POV A (ru)
veV(T)

iter(Vp) = (ru) EOI=IVI)I+H®W) H A;/(v)(Tu).

veV(T)
We have the following Feynman rules:
iter(Vo) = [ A7
veV(T)
where

AP —

(%

{Ag@) (ru) - (ru) @=Ly e V(T)O),

A;/(U) (tu) - (7’u)l(“(”))_1 v E V(F)(l),

Note that the degree of if.er(Vp) is

Yo () +valle) =)+ Y (9(v) +U(u(v) — 1)

veV () eV (T
= > 9@)+[ED)]— [VI) +Uu(v))
veV(T)

veV(T)
=l(p)+g-1

as expected.

= U(p) + ( Y. 9w +|ED)| - V(F)+1> -1

A.3 The bundle Vp,
A.3.1 The target is P!

There is only one graph I'V in this case. When (g, (1)) # (0,1),(0,2),

consider the normalization sequence

()

0= f*Op1(=1) = (fley, ) Ori (1) & P (fle, ) Opi (—1)

i=1

(w)
— P Opi (-1, — 0.
=1

333
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The corresponding long exact sequence reads

0 — H(C, f*Opi(—1))
I(w)
— H(Cyy, (fleu, ) Op (- @EBHO e (flee, ) Omi (-1))

- @OPI(*l)po — HY(C, f*Op1(~1))
— HY(Cy, (fley, ) Opr (— @@H e, (flc., ) Op1(=1)) — 0.

The representations of C* are

W)
0—0— HO(C’UO)OCUO) Q(-1—1)— @(—T -1)

— HY(C, f*Opi(—1))

. Wp) [d(e)-1 a
— H (CUO,OCUO)@J(Tl)@@( <Td(e)>> — 0.

We have the following Feynman rules:

i;OeT(VDd) = Afod H AeDd,
ecE(T)

where

AP = AY (=7 = D)) - ((—7 — Du)!
ape ~ I @OT+0) o

~—

It is easily checked that the above Feynmann rules are also valid for
(g’ l(:u)) = (Oa 1)7 (07 2)'

Note that the degree of if.er(Vp,) is d + g — 1, as expected.
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A.3.2 The target is P![m], m > 0

Given a graph I' € Gg70(IP’1,u), I' # I'Y consider the normalization
sequence

0— f*Opi(—1)
— o, (fle) Om (-1 & @ (flo.) O (-1)

veVS(D)Ouy ()™ ecE(D)
— @ O]pl( ) @ @ OIPl(_l)po
veVII(D)(©0) UE\/S(F)(O) (v,e)eF

o P (@ 0P1(1),,1> — 0.
(

veV (MM \(v,e)eF
The corresponding long exact sequence reads

0 — H(C, f*Op (~1))
_ @ HO(Cy, (floy)* Opi (1))

veVS()Ouv(r)®

o P HCe (fle.) Op (-1))
ecE(T)

— @ Opl( ) @ @ O]P’l(_l)po
veVII(T)(0) veVS(F)<0> (vie)eF

D @ (@ Opl(l)m)
(

vevV (M v,e)EF
— HY(C, FOp(—1))
— 4 H(Cy, (fle,)" Opi (1))

veVS (T )<0>UV(F)<1)

e @ H'(Ce (fle.) Op(~1)) = 0.

ecE(T)
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The representations of C* are

0 — HC, f*Opi(—1))

— @ (CU,OC') 7'—1 @ @ HO CmOCU)@ -

veVS(I)(0) veV (I
L@ e @ (@wn)

veVII(T)(0) veVS(T)0) \(v,e)eF

. @ (@ w)

veV(ID) \(v,e)eF
— HY(C, fOp (1))
- P H(C,O0) @ (-T-1)a H'(Co. Oc,) © (-
veV3(T)© veV(I)™)

@ (T () -

We have the following Feynman rules:

irer(Vp,) HADd- H ADa

ecE(T

— = d(e)—1
: qodoT W

Note that the degree of if.er(Vp,) is

Z (g(v) +val(v) — 1) + Z (d(e) —1)

veV(T) ecE(T)
= > g(w) +2ABED)| - [V(T)| +d - |E|
veV(T)
—d+ ( > )+ |BED)| - V(F)+1) -1
veV(T)

=d+g—1

e _ { A (7= D) (7 = Du)@®=1 "y e V(I)©),
wy (=) - (=) e, ve v,
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as expected.

A.4 The obstruction bundle

Combining results in Section |A.3 and Section |A.2, we obtain Feynman
rules for the obstruction bundle

V:VD@VDd.

A.4.1 The target is P!

We have

iro(er(V)) = Ay ] A
e€E(T'0)

where

% D 4D, I(p)—
Ay = AD AR = AY (ru) Ay (= (7 + D) - (ru(—7 — Du)! !
d(e)—1
AZ — AeDAeDd — Ha:l (d(e)p + (1) (_u)d(e)fl.
d(e)d(e)—l

A.4.2 The target is P[m], m > 0
For any I' € Gy (P!, p), T' # I'%, we have
irer(v) = [ AV [ AY.
veV(T) e E(T)
where

A;/(v) (TU)A;/(U)(—(T + 1)u)

AY = AP AP = { (ru(—7 = Du)™ 071 0 e V(D)O),
(_1)g(v)+val(v)—1(Tu)ﬁ(v)’ = V(I‘)(l)
A= d(e)r + a)

V _ gD 4pDgq _ [Tz
Ae = A4 = d(e)d(e)—l

(_u)d(e)fll

Recall that 1 (v) = 2g(v) — 2 4 I(u(v)) + val(v) for v € V/(I)(1.
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