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TORUS LOCALIZATION AND WALL CROSSING FOR
COSECTION LOCALIZED VIRTUAL CYCLES

HUAI-LIANG CHANG, YOUNG-HOON KIEM, AND JUN LI

1. INTRODUCTION

Since its introduction in 1995 by Li-Tian [26] and Behrend-Fantechi [1],
the theory of virtual fundamental classes has played a key role in algebraic
geometry, defining important invariants such as the Gromov-Witten invari-
ant and the Donaldson-Thomas invariant. Quite a few methods for handling
the virtual fundamental classes were discovered such as torus localization
([15]), degeneration ([25]), virtual pullback ([28]) and cosection localization
([18]). Often combining these methods turns out to be quite effective. The
purpose of this paper is to prove

(1) virtual pullback formula,
(2) torus localization formula and
(3) wall crossing formula

for cosection localized virtual cycles. Our results can be thought of as gener-
alizations of the corresponding results for the ordinary virtual cycles because
when the cosection is trivial, these formulas coincide with those for the or-
dinary virtual cycles. For (2), we remove a technical assumption in [I5] on
the existence of an equivariant global embedding into a smooth Deligne-
Mumford stack.

A Deligne-Mumford stack X is equipped with the intrinsic normal cone
€x which is étale locally [Cyy /Ty |u] if U — X is étale and U — V is an
embedding into a smooth variety where Cy;/y, is the normal cone of U in V.
A perfect obstruction theory ([I]) gives us a vector bundle stack £ together
with an embedding €x C €. The virtual fundamental class ([1} 26]) is then
defined by applying the Gysin map to the intrinsic normal cone

[X]"" = 0g[ex].

When there is a torus action on X with respect to which the perfect ob-
struction theory is equivariant, the virtual fundamental class is localized to
the fixed locus F' = X" under suitable assumptions ([I5]):

. F vir .
(L) X% = 1k € A X g Qltt )
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Here + : F — X is the inclusion and ¢ is the generator of the equivariant
ring of C*.

The construction of virtual fundamental class can be relativized for mor-
phisms f: X — Y to give the virtual pullback

fAY) = AlX)

when the intrinsic normal cone €y /y is embedded into a vector bundle stack
&€ on X. When the perfect obstruction theories of X and Y are compatible
with &, the virtual pullback gives us the formula ([28])

(12) P = (X]

A wall crossing formula ([21]) compares [M, ]V with [M_]""* when M,
and M_ are open Deligne-Mumford substacks of the quotient [X/C*] of a
Deligne-Mumford stack X which are simple C*-wall crossings.

The cosection localization says that when there is an open U C X and a
surjective o : €|y — Cy, we can define a cosection localized virtual funda-
mental class

[X|VE € A.(X(0)) where X(0) =X —U

loc

which satisfies usual expected properties such as deformation invariance and
1 XV = X" € A (X) where: X (o) — X.

loc

The construction of [X]Y in ([I8]) is obtained in two steps:

loc
e (cone reduction) the intrinsic normal cone €x has support contained
in £(0) where (o) = €|x () Uker(Ely — Cu);
e (localized Gysin map) there is a cosection localized Gysin map

O toc + Ax(E(0)) — Au(X(0))
compatible with the usual Gysin map.

Then the cosection localized virtual fundamental class is defined as
[XH/(;E - Oi‘:,loc[Q:X]‘

The cosection localized virtual fundamental class turned out to be quite
wseful ([2, 5, [7, [, (13, (14, (16} (17, (19} 20, 23, 27, 29, 30, B1]). For further
applications, it seems desirable to have cosection localized analogues for
torus localization formula, virtual pullback and wall crossing formulas. For
instance, recently there arose a tremendous interest in the Landau-Ginzburg
theory whose key invariants such as the Fan-Jarvis-Ruan-Witten invariants
are defined algebro-geometrically by cosection localized virtual cycles ([7,]]).
The formulas proved in this paper will be useful in the theory of MSP fields
developed in [4] tod study the Gromov-Witten invariants and the Fan-Jarvis-
Ruan-Witten invariants of quintic Calabi-Yau threefolds.

In §2] we prove the cosection localized virtual pullback formulas (cf. The-
orems and 29). The proofs in [28] work with necessary modifications
as long as the rational equivalences used in the proofs lie in the suitable
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substacks for localized Gysin maps. In g3 we prove the torus localization
formula for the cosection localized virtual fundamental classes (cf. Theorem
[B4)). In this new proof, we do not require (1) the existence of an equivariant
global embedding of X into a smooth Deligne-Mumford stack and (2) the ex-
istence of a global resolution of the perfect obstruction theory as in [I5]. The
technical condition (1) is completely gone while (2) is significantly weakened
to (2') the existence of a global resolution of the virtual normal bundle NVi*
only on the fixed locus F. Finally, in §4 we prove a wall crossing formula
for cosection localized virtual fundamental classes. We remark that in [20],
a degeneration formula for cosection localized virtual fundamental class was
proved and it was effectively used to prove Maulik-Pandharipande’s formulas
for Gromov-Witten invariants of spin surfaces.

All schemes or Deligne-Mumford stacks in this paper are defined over the
complex number field C.

2. VIRTUAL PULLBACK FOR COSECTION LOCALIZED VIRTUAL CYCLES

In this section, we show that Manolache’s virtual pullback formula ([28])
holds for cosection localized virtual cycles (cf. Theorems 2.6l and 2.9]).

2.1. Virtual pullback of cosection localized virtual cycle. Let f :
X — Y be a morphism of Deligne-Mumford stacks. Let ¢x : Ex — Ly
and ¢y : Ey — Ly be (relative) perfect obstruction theories that fit into a
commutative diagram of distinguished triangles

(2.1) f*Ey¢—>EX—>EX/y—>

f*fbyl ¢>XJ l%(/y

f*Ly ——Lx —— LX/Y e
Definition 2.1. We say f: X — Y is virtually smooth if Ex,y is perfect
of amplitude [—1,0].

By [28] §3.2], if f is virtually smooth, then ¢x/y is a perfect obstruction
theory. In the remainder of this section, we assume f : X — Y is virtually
smooth. By [I], the perfect obstruction theory ¢x/y : Ex/y — Lx/y gives
us an embedding of the intrinsic normal sheaf into the vector bundle stack

hYRO (LY y) = B /RO(EY)y) = Ex)y-

Moreover the intrinsic normal cone of the morphism f is naturally embedded
into the intrinsic normal sheaf

Q:X/y — SX/Y'

Let Oby = h'(EY) and Oby = h'(Ey.) be the obstruction sheaves and
let oy : Oby — Oy be a cosection. The morphism f*FEy — Ex induces a
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morphism Obx = h'(EY) — hl(f*Ey.) = f*h'(EY) = f*Oby. Hence oy
induces a cosection
ox : ObX — f*Oby — f*Oy = OX
of Obx. We call ox the cosection induced from oy .

Definition 2.2. We denote by X(0) = o' (0) and Y(o) = 03(0) the
vanishing loci of the cosections ox and oy respectively.

Here 0" (0) is the subvariety defined by the image (ideal) of ox.
Lemma 2.3. If f is virtually smooth, X (o) = f~1(Y(0)) =Y (0) xy X.
Proof. From the distinguished triangle E; Jy = EY, — f*EY LN , we obtain
an exact sequence

-+ — Obx — [*Oby — h*(Exy) =0
where the identity holds because Ex/y is perfect of amplitude [—1,0]. Since
Obx — f*Oby is surjective,
ox : Obx —» f*Obyf*g Ox
is zero if and only if f*oy is zero. This proves the lemma. U

By Lemma 23] we have a Cartesian square

(2.2) X(0) L v(o

(o)
XﬁY

where the vertical arrows are inclusion maps.

We recall Manolache’s virtual pullback.

Definition 2.4. [28] Suppose we have an embedding of the intrinsic normal
cone Cx/y of f: X =Y into a vector bundle stack Ex/y. Consider a fiber
product diagram

X —Y'
f
X —Y.
Then the virtual pullback is defined as the composite

FrAY) = AdCxiy) = AdCxyy xx X') = Ap*Exyy) = Ara(X),
where the first arrow is [B] — [€py ,x//Bl; the second arrow is via the
inclusion Cx1yr — Cx/y Xx X'; the last arrow is the Gysin map 0<!9X/y :

Ac(p*Exyy) — Asra(X') for the vector bundle stack Ex/y. Here d is the
rank of Ex )y .
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If X is not connected, we consider each connected component separately.

Letting X’ = X and Y/ =Y, we get f' : A.(Y) — A, 4(X). Letting
X" = X (o) and Y’ = Y (o), we obtain f: : A,(Y(0)) — A«(X(0)). By [28,
Theorem 2 (i)], these fit into a commutative diagram

(2.3) ALY (0)) —15 A ya(X(0))

NN

AL(Y) T Asra(X)

For the virtual pullback formula, we need the following analogue of [28]
Lemma 4.7].

Lemma 2.5. Let f : X — Y be a morphism of Deligne-Mumford stacks
and N be a vector bundle stack on X such that Cx;y C N. Let € be a
vector bundle stack on'Y with the zero section Og : Y — E. Let U C Y be
open and o : E|ly — Cy be a surjective map of vector bundle stacks. Let
Y(e) =Y —-U; X(0) = X xy Y(o) and f, : X(0) = Y(0) the induced
morphism. Let £(0) = Ely (o) Uker(o). Then (Cx/g)red C [*E & N where
Cx/e denotes the normal cone of the morphism Og o f : X — YV — £.
Moreover for each irreducible B C £(0),

£50% 10¢[B] = 05 ganriocl€xxen/B]  in Au(X(0))

where O!g’10C and O!f*EeBN,loc denote the localized Gysin maps with respect to
the cosections o : E|ly — Cy and (f*0,0) : f*€ & N|pwy = Craqy
respectively.

Proof. The inclusion Cx /e C f*EOQN = f*€ x x N follows from the identity
Cx/e = f*€ xx €x/y proved in [28, Example 2.37]. We prove the last
statement. If B C €y (), the localized Gysin maps are the ordinary Gysin
maps and hence the lemma follows from [28] Lemma 4.7]. So we may suppose
B¢ Ely (o). Further, by shrinking Y if necessary, we can assume that Y is
integral and B — Y is dominant.

By [18, §2], we can choose a projective variety Z, a generic finite and
proper morphism p : Z — Y, a Cartier divisor D on Z such that D is a
linear combination of integral Cartier divisors; D fits into the commutative
diagram

7" .y

|

D —%v{o)
and p*o extends to a surjective map 7 : p*€ — Oz(D), where by abuse of
notation we think of Oz (D) as the total space of the line bundle Oz (D).
Let & = ker(¢), which is a bundle stack, and choose an integral B C & such
that p.[B] = k[B] for some k > 0, where p : £ — £(0) is the composition
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E C p*& — & of the inclusion with the first projection p*€ = £ xy Z. Then
by the definition in [I8, §2],

1
Oiﬁ',loc[B] = EIOU*(O(C:‘[B] ’ D)7

where -D denotes the refined intersection for the inclusion D C Z defined
in [I2] Chapter 6].

We further simplify the situation as follows. Because € is a bundle stack,
there are integral Z; C Z and rational ¢; so that [B] = 3. ¢[€]z] € ALE.
Because rational equivalence in £ induces a rational equivalence in £ (o), to
prove the theorem, we only need to consider the case where B = £. Thus
the above identity becomes 0!5,1OC[B] = %pg*[D].

Consider the Cartesian diagrams

LA O e T

I

D' —— X(0) —
p C

~

Since virtual pullbacks commute with pushforwards (cf. [28, Theorem 4.1
(1)]), we have

fc!roi‘f,loc[B] =

Consider the commutative diagram

1 ! - T, o 1, !
7 foPos Dl = 206,15 [D] = 1 06,0y, [€0//p]-

Z’f—>ZL>

o]l

where Z' := X xy Z. Let
profE = fEo)
denote the pullback of p. Since j,[€] = k[B], we have
[JI[QXX‘;;E/S] = k[Cxx.B/B]
By the definition of the localized Gysin map [I8], §2], we have

| 1 |
Of-cnseel@oxenn) = 0o (Voo Crsetse) - D).
Here by -D" we mean the intersection with D C Z via the Cartesian square

D — 7

L

D —— 7
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Since X xg £ = Z', by [28, Example 2.37]
€Xx,gé/é = Q:Z’/(‘f = ¢Z’/Z Xzt f’*é’,

We thus have

1 1
0N 10c € X xe /8] = EP;*(OMQZ'/Z] D) = EPZ;*OMD, ([€217]- D)

by the commutativity of Gysin maps.
Let L = 0z(D) and let L' = f”*L. We now prove that

[€p/p) =[€z//7]- D'.
Indeed, by Vistoli’s rational equivalence [32] and [28, Example 2.37], and
using €p,z = L|p, we have

[Q:Z’/Z] . D/ - O'LI [Q:D//ezl/z] - O'L’ [Q:D’/Z] - O'L’ [Q:DI/Q‘D/Z]

=0y (€p/p xp L'lp] = [€p/p].

Therefore, we have

1
O!f*eea/\/,loc[QXXgB/B] = %PQ*OMD, [€pr/p)-
This proves the desired equality f(!,O!g’IOC[B] = O!f*g@j\/,]oc[Q:XXgB/B]' O

The following is a cosection localized analogue of [28, Corollary 4.9].

Theorem 2.6. Let f: X — Y be a virtually smooth morphism of Deligne-
Mumford stacks, and let o : Oby — Oy be a cosection. Then
AV = X

loc loc*

Proof. The proofs of Theorem 4 (functoriality) and Corollary 4 in [28] work
with necessary modifications. The reader is invited to go through the proofs
in [28] with the proof of deformation invariance [I8, Theorem 5.2] for cosec-
tion localized virtual cycles in mind.

With Lemma 2.5l at hand, one will find that the only thing to be checked
is the inclusion of the support

(2.4) Supp Cxwp1/pro C ker (B! /RO (c(u)) — ¢*Op1(—1)]

where M?, is the deformation space from the reduced point {pt} to the
intrinsic normal cone €y and ¢(u) is the cone of the morphism

u = (zoid, z1-@) : p* f*Ey@q*Op1(—1) — p* f*Ey@p*Ex in  D(XxP).

Here zg, 21 are the homogeneous coordinates of P'; p, ¢ are projections from
X x P! to X and P! respectively; ¢ : f*Ey — Ex is the morphism in (21]).
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The morphism A'/h%(c(u)") — ¢*Op1(—1) comes from the commutative
diagram

W0 (c(u)”) —— p*f*h! [hO(EY) @ p*h! /WO (EY) —— p*f*h! [h°(EY) ® ¢*Op1 (1)

l | J

q*O]P’l(_l) —>q*O]P’1 EBq*O]P>1 q*oPl(l)

where the middle and right vertical arrows come from the cosection o.
By the double deformation space construction,

Cxuprymrg Xp1 (P = {(0:1)}) = €x x (P' — {(0: 1)}).

By the cone reduction ([I8, §4]), we have the inclusion of the support

Supp €x C ker [h'/R°(EY) — Ox].
Hence (24)) holds over P* — {(0: 1)}.

Let D = Cxyp1/pro Xpr (P! —{(1:0)}) be open in Cxypr/p containing
the fiber over (0 : 1). By diagram chase,
R /RO (e(w)) oy = R RO(BY) xx h'/hO(EYy)
and the homomorphism in (24 over the point (0: 1) is
(f*0,0) : f*h! /WO (BY) xx b /hO(EY,y) — Ox.

Therefore the theorem follows if we show that irreducible components A of
D lying over X x {(0: 1)} have support contained in

(2.5) ker (f7h!/hO(EY) T3 0x) xx b RO(EY, )y ).

Let A be an irreducible component of D lying over X x {(0 : 1)} and
let a be a general closed point in A. We claim that a is contained in (23]).
Since the problem is local, we may assume X, Y are affine, equipped with
embeddings X C V, Y C W into smooth affine varieties that fit into a
commutative diagram

X vV 2 pm o AR

1
Y wW—2 LA™

such that the morphism g : V' — W is a smooth, X = zero(y o g¢,7),
Y = zero(v) and

By = 09" 5 Qwlyl,  Exy = 09" 5 Quwlx].

Since we have nothing to prove when ¢ = 0 at general points of the irre-
ducible component A, we may assume that o is surjective.

To prove the claim, we recall the double deformation space construction
for D (cf. [22]): Let T be the graph of the morphism

Vx (A —{0})x (Ag—{0}) — AT <A™, (v,t,5) = ((ts) " yog(v), ¢ n(v))
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and let T be the closure of T'in V' x A} x Al x A™ x A". Here A} and Al
denote the affine line with local coordinates ¢ and s respectively. Then we
have

E o 0/ TV, ) = D

Now we can prove the claim. Since D C (I' = I')/(pr{,Tv|p_r), we may
choose a smooth pointed curve (A,0) with local coordinate § and a morphism
p: A — T such that p(A — {0}2 C I' and p(0) represents a € A. Let

A A LT ﬁ)At and sp : AT —>A1 denote the compositions of p
and the projections to A} and Al respectively. Let py : A — V denote the
composition of p with the projection pry : T' — V and let vg = py(0) € X.
Then p(0) = (v, 0,0, v1,v2),

(2.6) v =lim(tasa) t-yogopy €A™, wy = lim tgl -nopy €A™
6—0 0—0

Since Oi‘?m — Oby —= Oy is surjective, by copying the proofs of Lemma 4.4
and Corollary 4.5 in [I8], we find that v; represents a point in

ker (f*h'/hO(EY) 23 0x)
and vy a point in h'/h(EY, /Y) Therefore @ lies in (2.5). This proves the
theorem. 0

2.2. Cosection localized virtual pullback. In §2.1] we considered the
virtual pullback of a cosection localized virtual fundamental class when
there is a cosection o : Oby — Oy on Y that induces a cosection Oby —
f*Oby 25 Ox on X. Actually there is another way to combine virtual pull-
back with cosection localization. Consider the case when there is a cosection
o : Obx — Ox that induces a cosection ¢ : Obx/y — Obx — Ox of the rel-
ative obstruction sheaf. In this subsection, we define the cosection localized
virtual pullback
fo i AY) — Au(X(5))

for a virtually smooth morphism f : X — Y where X(5) = 6-1(0) (cf.
Definition [Z8) and prove the cosection localized virtual pullback formula
(cf. Theorem [Z9]).

We let f : X — Y be a virtually smooth morphism between Deligne-
Mumford stacks as before; we let 0 = ox : Obx — Ox be a cosection, and
form the (composite)

o= ox)y : ObX/Y = hl(E}/(/Y) — hl(E‘\)/() L)(DX

Let X(0) = ¢71(0) and X(5) = 6-%(0). Then by definition, we have an
inclusion
7: X (o) = X(a).
We let K = h'/hO(EY, /Y) Then ¢ induces a morphism K — Ox which
we also denote by ¢ by abuse of notation. As before, we denote

K(5) = ker[g : K — Ox|:=K|x &) Uker[5|y : K|y — Ou],
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where U = X — X () is the open where & is surjective.

Lemma 2.7. We have
SuppCx/y C K(5).

Proof. We apply the functoriality of the h' /hY construction to (Z.)) to obtain
the commutative diagram

Cxyy —— WY, y) —S— h/RO(EY,y) =K —2> Ox

e | l 1 |

Cx —=— AYROLY) —S— hYRONEY) =& —I— Oy
Like before, we have Supp€x C ker[h!/h°(EY) — Ox] =: £(o). Since &
is induced from o = ox, the lemma follows. O

We now define the cosection localized virtual pullback. We let Y’ — Y be
a morphism of stacks where Y’ has stratification by global quotients. Form
the Cartesian product

x2.x

fl lf
vy 2.y,
and let 6 : p*K — Oxs be the pullback of 6 : K — Ox. Then the vanishing
locus of & is
X'(5) = X(6) xx X'
and
P K(6) =ker[6 : p*K — Ox/] = K(6) xx X'.
Consider the composite
L (QtX’/Y’)red C (th/y XX X/)red C lC(&) XX X, = p*lC(c}),

where the first inclusion follows from the definition of X’, and the second
inclusion follows from Lemma 271

Definition 2.8. The cosection localized virtual pullback is defined by
0, oc ~
for ALY =5 Ay 5 A(pPK(6)) T ALX(5)),
where ¢ is defined on the level of cycles by €(3_ni[Vi]) = > 1€y, x//v;]-

Note that the way that [28, Theorem 2.31] was applied to [28, Construc-
tion 3.6] can also be applied here to conclude that e descends to maps be-
tween Chow groups.

We have the following virtual pullback formula.

Theorem 2.9. Let f: X — Y be a virtually smooth morphism, o : Obx —
Ox be a cosection and 7 : ObX/y — Obxy -2 Ox be the induced cosection.
Let y: X(0) = X(G) be the inclusion of zero loci of o and 6. Then we have

Fo YT = 0. X 06 € Au(X(3))-

loc
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The proof is completely parallel to that of Theorem [2.6] so we only provide
a sketch. We need the following analogue of Lemma

Lemma 2.10. Let f : X — Y be a morphism of Deligne-Mumford stacks
and K be a vector bundle stack on X such that €x,y C K. Let F be a
vector bundle stack on'Y with the zero section O : Y — F. Let U C X be
open and & : K|y — Cy be a surjective map of vector bundle stacks. Let
X(6) =X —U. Then for each irreducible B C F,

£50%2[B] = 0 rorc10el€xxx5/8]  in Ad(X(5))

where O!f* FoK loc denotes the localized Gysin map with respect to the cosec-
tion (0,5') : f*./."@IC’ffl(U — (Cf—l( U)-
Proof. We may assume that there is an irreducible B C Y such that B =
Flg =F xy B and 0%[B] = B. The left side is

faof[ ] = fc'r[B] = OK,IOC[€BXYX/B] = Of*féBlC,loc[f*f XX QBXYX/B]‘
Since B = F xy B, f*F xx Q:BXyX/B = Cpyx,x/p- Hence the lemma
follows. O

Theorem follows from the following.
Proposition 2.11. Suppose Y’ = hl/h°(Ey.) = F so thatp|X/ : X'(6) —

) —

X (&) is a bundle stack and that we have the Gysin map 0' : A (X’(&)
A.(X(5)). Then we have

0% fy[&y] = 5[ Xt € Au(X(5)).
Proof of Theorem[2Z.d. By Lemma and Proposition 2.17],
FolY T = £0R[€Y] = 0% rac 0cl€xx rey ey ] = O folCv] = [ X5
O

Proof of Proposition[2.11. The proof is almost identical to that of Theorem
2.6l so we only point out the difference. The construction of the double
deformation space and the cone c(u) is identical and we have a commutative
diagram

ht /0O (e(u)") —— p*f*ht /hO(EY) & p*ht /WO (EX ) —— p* f*h' /B (EY) ® q* Opa (1)

| o

q*Opr — q*Opr

where the vertical arrows are defined by o. Again it suffices to show

(2.8) Supp €y yp1 /nre C ker[h! /0 (c(u)Y) — ¢*Op1].

Now the proof continues exactly the same as the proof of Theorem By
the cone reduction in [I8], (2:8)) holds over the open P! — {(0: 1)}. To prove

[28) over the point (0 : 1), we consider a general point a in any irreducible
component A of D lying over (0 : 1) and use the local construction of the



12 HUAI-LIANG CHANG, YOUNG-HOON KIEM, AND JUN LI

double deformation space. After choosing a morphism p from a smooth
pointed curve (A,0) with p(0) representing a, one finds that we only have
to check that vy represents a point in

ker (& WY RO(EY, )y) = R /RO(EY) éox> .

Again this follows from the arguments in the proofs of Lemma 4.4 and
Corollary 4.5 in [I8]: When vy # 0, because limgs_,o sa = 0, the image v/, of
vy in ht/hO(EY;) under the tautological

' /RNEYy) — h' /R (EX)

lies in €x. Using the cosection o, we see that v} € ker[h!/hO(EY) — Ox].
Because ¢ is induced by o, we obtain (2.8]). This proves the proposition. [

Remark 2.12. When f: X — Y is a morphism over a smooth Artin stack
S, sometimes it is more convenient to work with relative obstruction theories,
say with Lx replaced by Lx/s, Ly by Ly/s etc. It is straightforward to see
that all the statements and proofs in this section hold in this case.

Another useful situation is when Y is only assumed to be an Artin stack
with Y — S assumed to be Deligne-Mumford. Then Proposition 2.11 holds
in this case with obstruction theories replaced by relative (to S) obstruction
theories.

3. TORUS LOCALIZATION FOR COSECTION LOCALIZED VIRTUAL CYCLES

In this section, we prove the torus localization formula for cosection lo-
calized virtual cycles (Theorem [3.4]). We do not assume the existence of an
equivariant global embedding or a global resolution of the perfect obstruc-
tion theory. When the cosection is trivial, our argument gives a new proof
of the torus localization theorem in [I5] without these assumptions.

Let X be a Deligne-Mumford stack acted on by a torus T' = C*. Let I de-
note the T-fixed locus, i.e. locally if X = Spec(A), then F' = Spec(A/(A™))
where A™Y denotes the ideal generated by T-eigenfunctions with nontrivial
characters. Let

1 F— X

denote the inclusion map.

Let D([X/T]) be the derived category of sheaves of T-equivariant O x-
modules on X. It is the same as the ordinary derived category of sheaves
of Ox-modules except that all sheaves are T-equivariant and all morphisms
or arrows are T-equivariant. The action of 7" on X gives the equivariant
cotangent complex Lx € D([X/T]).

Definition 3.1. A T-equivariant perfect obstruction theory consists of an
object E € D([X/T]) and a morphism

¢ F—Lx
in D([X/T]) which is a perfect obstruction theory on X.
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If A is a T-equivariant sheaf of Op-modules on F, we let A™ denote the
sheaf of T-fixed submodules and A™" denote the subsheaf generated by T-
eigensections with nontrivial characters. Given E € D([X/T)), E := E|p
is a complex of T-equivariant sheaves on F, thus we can decompose £ =
Ef* @ E™ into the fixed and moving parts. A T-equivariant chain map
Y : E — Etoan E € D([F/T)]) preserves such decompositions to give us
Pix . Efix  Bix apnd o™ . E™Y 5 E™If ) is a quasi-isomorphism,
so are ¥ and ™. Therefore a T-equivariant perfect obstruction theory
¢ : E — Lx induces morphisms in D([F/T1)

> E|§i;x — LX|1}X and o™ : E|pY — Lx|g".

Lemma 3.2. Let the notation be as above. The composition ¢ : E]%X —
ILX\%X — Lp of ™ and the natural morphism ILX\%X — LLp is a perfect
obstruction theory of F.

Proof. For any square zero extension A — A of k-schemes with ideal sheaf

J and a morphism g : A — F, let w(g) € Ext'(¢g*Lp,.J) denote the com-

position g*Lrp — La — J[1] of the natural morphisms ¢g*Lrp — LA from g
>

and Lo — La/a — }ng = J[1] from A — A. Let

¢rw(g) € Ext' (¢"E[F, J)

be the image of w(g) by the map Ext!(¢*Lp, J) — Ext!(¢* E|%, J) induced
from ¢ : B/ — Lp. Note that Ext!(¢* |, J) is a T-module and ¢%w(g)
is T-invariant, where T acts on A, A and J trivially.

By [Il Theorem 4.5], it suffices to show the following claim: the obstruc-
tion assignment ¢%(w(g)) vanishes if and only if an extension g : A — F
of g exists; and if ¢}.(w(g)) = 0, then the extensions form a torsor under
Ext®(g* B, J).

Let h : A — X be the composite of g with the inclusion F' C X. Since
¢: E — Ly is a perfect obstruction theory, h extends to h : A — X if and
only if 0 = ¢%w(h) € Ext'(h*E, J). Because h factors through F C X and
J is an Oa-module,

Ext'(h*E, J) = Ext'(¢"E|}¥, J) @ Ext' (¢" B[, J),

as T-module, and further ¢%w(h) is T-invariant. Since ¢%w(h)! = ¢rw(g),
we see that ¢hw(g) = 0 if and only if h extends to h : A — X. Because
T is reductive, a standard argument shows that we can find a T-invariant
extension h, which necessarily factors through F' € X. This proves that
¢hw(g) is an obstruction class to extending g to g: A — F.

The part on the space of extensions g follows by the same argument. [

We let Ep = E|%¥ and NI := (E|"V)V. Since F is perfect, both the
fixed part Er and the moving part BB = (NVI')Y of E|p are perfect. They
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fit into the following diagram of distinguished triangles:

E|p Ep (N[ ——
L]
Lx|r Lp Lr/x

The morphism E|p — Ep induces a homomorphism
Obp = HY(EY) — HY(E|}) = HY(EY)|r = Obx|p.

Let o : Obx = HY(EY) — Ox be a T-equivariant cosection. Then o
induces a T-invariant cosection

o : ObF — Obx|p — Ox|F =0F

vir

and we have a cosection localized virtual cycle [F])’7.

Definition 3.3. Suppose the virtual normal bundle NV admits a global
resolution [No — Nl] by locally free sheaves Ny and N1 over F. We define
the Euler class e(NY'™) of NY™ to be

e(N) = e(No)/e(N1) € A*(F) @q Q[t, 7).
The goal of this section is to prove the following.

Theorem 3.4. Let X be a Deligne-Mumford stack acted on by T and let
E — Lx be an equivariant perfect obstruction theory on X. Let F' be the
T-fized locus in X. Let 0 : Obx — Ox be a T-equivariant cosection on
X. Suppose there is a global resolution NY* = [Ny — Ni|, where Ny and
Ny are locally free sheaves on F' (whose ranks may vary from component to
component). Then we have

vir [F]V(;E _
[X]loc = e(vair) € AIX ®Q[ﬂ Q[tat 1]'

Here the class [FIJ'¥ is defined with respect to the induced perfect obstruction

theory Er and cosection op.

Remark 3.5. In [15], the localization formula in Theorem was proved
for the ordinary virtual fundamental class under the following assumptions:

(1) X admits a global equivariant embedding into a smooth Y;
(2) the perfect obstruction theory E admits an equivariant global locally
free resolution.

Both conditions are nontrivial unless X is a projective scheme. Recent de-
velopment in moduli theory and enumerative geometry utilizes a plethora of
moduli stacks for which (1) is often tedious to verify and hence it is desir-
able to give a proof without the assumption (1). Here we remove the first
assumption entirely and weaken the second assumption to

(2') the virtual normal bundle N¥* admits a global locally free resolution
[No — Nyl on the fized locus F,



COSECTION LOCALIZED VIRTUAL CYCLES 15

which is often easier to check. When o = 0, Theorem says that the
torus localization in [15] works without the assumption (1) and with a much
weaker (2').

By our assumption that there is a resolution [Ny — Ni] of NV', we find
that the normal sheaf Np,y is contained in h'/hO(NY"[—1]) = ker{Ny —
N1}, thus contained in No. Hence the normal cone €p,x is contained in No
as well. As in Definition 2.4] we define the virtual pullback

i A(X(0) = A(F(0))
for the inclusion ¢ : ' — X, by
[B] — [€x 78] — On, (€% /8-
The proof of Theorem [B.4]is attained through the following two lemmas.

Lemma 3.6. Let X (o) and F(o) denote the vanishing loci of o and op
respectively. Then F(o) = X (o) N F and '[X|V'" = [F]YF Ne(Ny).

loc loc

Proof. The first identity follows from Lemma ‘We prove the second
identity. By definitions, [X]}1t = 0 . [€x] and [F\X = 0¢, 1, [€F], where
E=h'/RO(EY) and Er = h' /R (E}Y). By Lemma 5] we have

2!0(!5‘7100[€X] = Oi€'|FeBN0,loc[Q:F]

because [€py ¢, /ex] = [€r/e ] = [€F] by Vistoli’s rational equivalence [32].
The proof of Theorem guarantees that the rational equivalence lives in
the desired locus for the localized Gysin maps. Therefore

Z'[XH/(;E = 2!0(!5‘7100[6)(] = OE‘:\FEBNOJOC[Q:F] = Ot!gF@Nl,lOC[QtF] = [FHIOIE N e(N1)7
because E|p = EF & [N1/Np]. O
Lemma 3.7. /'1,a = aNe(Ny) for a € A.(F(0)) ®g Q[t,t1].

Proof. If B is a cycle in F(o), the normal cone of BN F (o) in B is B and
11, B = O!NOB = BNe(Ny) by the definition of virtual pullback 2. O

Now we can prove Theorem [3.41
Proof of Theorem[37) By [24, Theorem 6.3.5],
1t AL(F(0)) @qp Qlt,t '] — AL (X (0)) @ Qlt ¢

vir
loc

a € AI(F(0)) ®qu Qlt,t 7] = Au(F(0)) ®q Q[t, t71].
By Lemmas and 371
[FIVE Ne(Ny) =o' [XTE = d0 = ane(Np).

is an isomorphism. Thus w,.a = [X] for some

loc loc
Hence 7] ) 7] )
F i/lr . F {711‘
@ = e(N\?ii) and [ X]j5¢ = nor =1, e(N‘?ii)

as desired. O
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Example 3.8. Let V = C? be a vector space with (z1,--- ,24) be its stan-
dard coordinates. We let T = C* acts on V wia (z;)* = (az;). The global
dzﬁerentzals dz; give a trivialization of Qy, in the form Qy =V x V*. Let
E =Ty —>QV] and o : Qy =V x V* = Oy be the tautological pairing.
Then o=1(0) = {O} C V s the (reduced) origin O € V, and under the
duced T-action on Qy, o is T-invariant. We observe

F=V® ={0}, Elp=[V-5V*=N", and Ep=[0- 0

Hence e(NV™) = (=1)% and [F is the zero cycle [O] consisting of one

simple point O. Then by Theorem[3.4), we have
v [Flioe d
vir _ oc _ (_1
[V]loc e(NV“) ( ) [O]

as expected from [18, Example 2.4].

In this example, if instead we consider a cosection ¢’ : Qy — Oy via

dz1 — 1 and dz=1 — 0. Since o’ is surjective, we obtain [V]/IL = 0.

However, e[(lj\;i‘%) = (=1)4]0] as before. Hence Theorem 4] does not apply.

4. WALL CROSSING FORMULAS FOR COSECTION LOCALIZED VIRTUAL
CYCLES

In this section we provide a wall crossing formula for simple C*-wall cross-
ings. The construction and proof are rather standard (cf. [21]).
Let X be a Deligne-Mumford stack acted on by T'= C*. Let ¢ : & — Ly
be a T-equivariant perfect obstruction theory, together with an equivariant
cosection o : Obx = h'(EY) — Ox. Let
(1) F be the T-fixed locus in X;
(2) X* be the open substack of z € X so that the orbit 7' - z is 1-
dimensional and closed in X;

(3) XY ={r € X — (X°UF)|lim_ott' - o € F};

(4) Ei =YY UF;

(5) Xy = X Y+ CX;

(6) My =[Xy/ T] C M = [X/T] are separated Deligne-Mumford stacks.

Recall from §3] that we have the induced cosections op : Obp — Op. We
then define the master space of the wall crossing M4 to be

M= [X xP' —S_ x {0} — T4 x {o0}/C*]
where C* acts trivially on X and by A - (a: b) = (a : Ab) on P!. The action
of T on X induces an action of T" on 91T whose fixed locus is

M,UFUM-_

as is easy to check. Since C* acts only on the component P!, the pullback of
any sheaf on X by the projection X x P! — X is C*-equivariant and hence
descends to the free quotient 9. By pulling back the perfect obstruction
theory ¢ : E — Lx and descending, we obtain a morphism ¢ : E — Lgy.
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Lemma 4.1. The morphism ¢ : E — Loy is a T-equivariant perfect obstruc-
tion theory of M. Moreover the pullback of o descends to a T -equivariant
cosection & : Oboy — Ogy.

Proof. This is straightforward and we omit the proof. O

The cosection & induces cosections on the fixed locus M4 and F' in 9.
We are ready to state the main result of this section.

Theorem 4.2. Let the notation be as above. Suppose the virtual normal
bundle NV admits a resolution [Ng — Ni| by vector bundles on F. Then
we have
vir vir __ [F]folf; : AT -1
[M-l-]loc - [M—]loc = reSt:OW in A, (M) ®q[y Q[t, e
Proof. Applying Theorem [B.4] to the master space 91, we find that

o DLRE R (PR

m‘( VIr — ocC ocC O.C

[ ]loc —t + t + e(Nvlr)
since the normal bundle of M, is trivial with weight 1 while that of M_
Is trivial with weight —1 by construction. If we take res;—¢, the left side
vanishes because 9} € AT(9M) has trivial principal part. Therefore the

residue of the right side

A Pl
—[My]ige + [M-]ioe + reSt:Oe(TVOii)
vanishes. This proves the theorem. O
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