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LOCALIZATION FOR LOGARITHMIC STABLE MAPS
S. MOLCHO AND E. ROUTIS

ABSTRACT. We prove a virtual localization formula for Bumsig Kim’s space
of Logarithmic Stable Maps. The formula is closely related and can in fact
recover the relative virtual localization formula of Graber-Vakil.

1. INTRODUCTION AND BACKGROUND

In his papers [Li0I] and [Li02], Jun Li introduced and studied the space of
relative stable maps. We recall the setup: fix a pair (X, D) of a smooth variety
with a smooth divisor and discrete data I' = (g,¢ = (c1,- - ,cn), ), consisting of
the arithmetic genus g of a nodal curve, a vector ¢ of integers, and a homology class
B in X. We wish to parametrize stable maps f : (C,¥,Z) — X from a genus g nodal
curve C' with two sets of marked points ¥ = (y1,- - ,¥ym) and & = (a1, -+ ,xp) into
the variety X, whose image lies in the given homology class and with prescribed
incidence conditions along the divisor, namely, f~1(D) = 3" ¢;z;.

The moduli space parametrizing is not proper: a limit of such maps may fail to
exist, as in the limit that the whole curve may lie entirely in the divisor D. Jun Li
and, at about the same time, Li-Ruan [LROI] and Ionel-Parker [IP03],[IP04] from
the point of view of symplectic Gromov-Witten theory, gave a beautiful solution
to this issue. Jun Li’s idea can be outlined as follows. When a limit of maps
tends to collapse into the divisor, the space X sprouts a new component, which is
isomorphic to the projective completion of the normal bundle P(Np,x © 1) of D
to contain the image, in a manner similar to a blowup. We then require that the
prescribed behavior along the divisor does not happen along the original divisor
D, but rather the divisor at infinity in P(Np,x @ 1), which we denote D[1]. We
call X with this new component X[1]; we then have a new pair (X|[1], D[1]) and
we may consider stable maps as above to this pair. When a family of maps to
X[1] tends to collapse into D[1], the variety X[1] sprouts a new component that
replaces D[1], as above, to create a new space X |[2] with a divisor D[2] at infinity,
and so forth. In general, a pair (X[n], D[n]) is constructed from the pair (X[n —
1], D[n — 1]) inductively. It is called the n-th expansion of (X, D). Li’s moduli
space Mrp (X, D) parametrizes stable maps whose target is allowed to be any of the
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expansions (X [n], D[n]) above, with prescribed behavior along the divisor at infinity
Din] and with a certain compatibility requirement along the divisor D[k], k < n:
only nodes of the source curve can map to D[k], and when a node maps to D[k],
the two components of the curve containing the node have the same contact order
with the divisor D[k]; this is called the predeformability or “kissing” condition.
This space is proper and is shown to carry a virtual fundamental class, so one
can define in a standard manner a type of Gromov-Witten invariant for (X, D),
called relative Gromov-Witten invariants. For details of the construction, the reader
should consult Jun Li’s original paper [Li01].

Jun Li also considers a variant of this situation, where instead of a pair (X, D)
we consider a semistable nodal variety of the form X = Y; Up Y5. This means that
X is the union of two smooth varieties Y; along a common smooth divisor D in
both of them that satisfies the following technical condition on the normal bundles:
Np/y, ® Npyy, = 1. Stable maps into X must satisfy a similar predeformability
condition as above, and the space is compactified by allowing the targets to vary
as before. X may deform to a target X[1], where D is replaced by P(Np/y, ©1) =
P(Np/y, © 1), with Y} glued along the 0 section and Y> along the infinity section,
X[1] may deform to X[2] where the divisor connection Y5 with P(Np,x © 1) is
replaced by another copy of P(Np,x @ 1), and so forth. The spaces X [n] are called
the expanded degenerations of X. The space of expanded degenerations also carries
a virtual fundamental class, and one is thus able to extend the notion of Gromov-
Witten invariants for targets X = Y7 U Y5, which are mildly singular. These are
the correct Gromov-Witten invariants, in the sense that they satisfy deformation
invarance: If W — B is a family with smooth total space, smooth general fiber,
and central fiber X = Y; Up Y5, the Gromov-Witten invariants of X as defined
by Jun Li coincide with the usual Gromov-Witten invariants of the general fiber,
at least when such a comparison makes sense, i.e., for homology classes restricted
from W.

The relative Gromov-Witten invariants are related to the singular Gromov-
Witten invariants by the degeneration formula. This was also proven by Jun Li
and had also been previously considered in the symplectic category in the work
of Li-Ruan [LROI] and Ionel-Parker [IP04]. The degeneration formula allows one
to compute Gromov-Witten invariants of expanded degenerations from the relative
ones and the combinatorics of the expansions. This can be useful because it is of-
ten possible to degenerate a smooth variety into a semistable one with very simple
components Y;. Thus one can calculate Gromov-Witten invariants from relative
Gromov-Witten invariants of simpler targets.

Computations of relative Gromov-Witten invariants can still be difficult, as cal-
culations in Gromov-Witten theory often are, even if the targets are very simple.
These calculations can be greatly facilitated by the use of Atiyah-Bott localization.
Localization formulas for the spaces Mr (X, D) were established by Graber-Vakil in
[GV05]. The applications of such formulas are far reaching: for example, in [GV05],
as applications of the formulas the authors recover the ELSV formula and certain
striking results about the tautological ring.

Jun Li’s constructions are beautiful and geometrically transparent, but suffer
from one technical drawback. The virtual fundamental classes defined are hard to
work with. The reason for this is that the space of relative stable maps is not an
open subset of all maps, but rather, it is locally closed. The perfect obstruction
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theory used to define the virtual fundamental class is thus constructed by hand and
not by standard machinery. This is the main reason the paper [GV05] is technically
difficult.

One way to avoid this issue is to use a different compactification of the space
of maps to the pair (X, D) or Y; Up Ya, by endowing the sources and targets of
all maps with logaritmic structures and requiring that the maps between them are
log maps. We will explain this more precisely in what follows, but here we would
like to remark that this idea agrees with a general philosophy in the modern the-
ory of moduli that states that instead of compactifying a moduli space of certain
objects, one may try to build the moduli space of such objects with logarithmic
structures. Since logarithmic structures allow mild singularities, this moduli space
is often already proper. The space of logarithmic stable maps was constructed by
B. Kim in his paper [KimI0]. Kim’s space is shown to be an open substack of the
space of all logarithmic maps and thus carries a natural virtual fundamental class
by restriction, which is simpler than the virtual fundamental class of Mr(X, D):
its formal properties are almost identical to the fundamental class in the classi-
cal Gromov-Witten theory of smooth targets. The situation may be summarized
pictorially as follows:

(* log stable maps —— log maps

forgetfull l/forgetful

rel stable maf)oscﬂ all maps

In this paper, we derive an analogous localization formula for the space
./\/lifg(l/{ /B) of logarithmic stable maps. The formula is analogous to the formula
of [GV05], but its derivation is closer in spirit with the proofs of localization in
classical Gromov-Witten theory, as in [Kon95],[GP99]. Specifically, we show the
following.

Theorem [B.1] /\/li?g(u/B) is a global quotient stack and admits a C* equivariant
immersion to a smooth Deligne-Mumford stack.

This in particular shows that Mllfg(l/{ /B) admits a localization formula. Then,
following the work of Graber-Vakil [GV05], we obtain explicitly that for suitable
splittings of the discrete data I' into subsets I'1, ', we have the following.

Theorem [5.7] (Log Virtual Localization).

MU /BT = (M9 B)sm]vir
AU/ B ™)™ x MR U/B)]™)

Z Q12*pT2
IR |AUt(F17F2)|(wTiw)eT(NF1)

The formula is essentially the same as the relative virtual localization formula of
[GV05]. The difference is that the stacks of simple relative maps and unrigidified
relative stable maps of [GV05] are replaced by their logarithmic analogues. These
are defined carefully in section 5. In fact, the log virtual localization formula can
be used to recover the formula of [GV05]; this is our Corollary .41
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2. LOGARITHMIC STABLE MAPS

For completeness, we will recall here the necessary definitions and constructions
that we will use. For proofs and more detailed explanations the reader should
consult Kim’s paper [Kim10].

A family of n-marked prestable curves, C' — S, carries a canonical structure of
a logarithmic map, as shown in F. Kato’s paper [Kat00] (see also [Ols07]). The log
structures and morphisms are defined as follows. The curve C — S corresponds to
a diagram

C——Cy,

|

S ——=My

where M, , and €, , is the moduli stack of n-marked prestable curves and its
universal family respectively. Both stacks carry natural logarithmic structures: in
M, » the log structure is given by the divisor corresponding to singular curves, and
in €4, the log structure is given by the divisors corresponding to singular curves
and the markings. The log structures on C' and S are the ones pulled back from
¢, n and My, respectively; we denote the log structure on S by N €/S and on C
by M/5 and refer to them as the canonical log structures. The morphism C' — S
is automatically a log morphism. An explicit description of the log structures when
S = Spec k is a geometric point can be given in terms of charts as follows: N/
has a chart isomorphic to N™, m = the number of nodes of C'; M/ = NC/5 at
smooth points; M€/5 = N¢/5 N at a marked point; and at a node MS/5 is given
by the following pushout diagram:

N—N?

L

NC/S S MC/S

where the horizontal map is the diagonal and the vertical map is the inclusion
corresponding to the appropriate node.

Definition 2.1. A genus g, n-marked log curve is a morphism f : (C, M) — (S, N)
of log schemes such that C' — S is a family of genus g, n-marked prestable curves
and the morphism f is obtained from a cartesian diagram of the form

(Cv M) - (Cv MC/S)

o

(S> N) - (57 NC/S)

where the horizontal maps are the identities on underlying schemes. Therefore,
a log curve is the same thing as the choice of a prestable curve C' — S and the
choice of a homomorphism of log structures s¢/5 : N¢/5 — N. We will reserve the
notation s¢/% to always refer to this homomorphism and denote it by s to simplify
notation if no confusion may arise.

We denote the stack parametrizing log curves by Emlgo’%.
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Definition 2.2. A log curve (M, C) — (S, N) is called minimal if the log structure
N is locally free and there is no locally free submonoid N’ C N that contains the
image of N¢/5.

Here, we call a log structure locally free if around every point it has a chart
isomorphic to N” for some r, possibly depending on the point. For example, over
S = Spec k, where N¢/5 = N all surjections N — N, r < m, give minimal log
curves but no map N™ — N" r > m.

Minimal log curves are essentially the sources of log stable maps; for a more
precise statement, see Definition 2.5. Next, we discuss the possible targets, which
Kim calls “extended log twisted Fulton-Macpherson type spaces”.

Fix a smooth projective variety X.

Definition 2.3. A family of schemes or algebraic spaces W — S is called a log
FM type space of X if, at every point s € S, there is étale locally an étale map

W§ — Spec k(g)['ra Y, 21, ,Zr_l]/({Ey).

These families of spaces are required to admit canonical log structures N/ on S
and M"™/S on W such that M"/$ is given by the cocartesian diagram

N—>N?

L

NW/S 5 MW/S

and such that the morphism W — S is in fact a log morphism (W, M"/5) —
(S, NW/5). We will further require that N/ be locally free. Its rank at s € S
equals the number of irreducible components of the singular locus of the fiber W.
We further require that the spaces W come equipped with a map W — X.

Definition 2.4. An eztended log twisted FM type space of X is a log morphism
(W, M) — (S, N), where
e W — S is as in Definition 2.3 above, and all relevant logarithmic data are
obtained from a cartesian diagram

(W, M) —— (W, M"W/9)

| |

(Sv N) - (Sa NW/S)

that is, the logarithmic data simply corresponds to a morphism of log struc-
tures t"/5 : NW/S 5 N. We will reserve the notation t"/% to always
indicate this morphism and denote it by ¢ to simplify notation when no
confusion may arise.

e There is a chart for the morphism "/ : NW/S — N of the form

Nm — > Nm g N™'

L

NW/S — = N
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Here the top map is of the form (d,0), where d = (dy,--- ,d,,) is a diagonal
matrix of natural numbers.

From now on we will refer to log FM type spaces of X simply as log FM spaces
and to extended log twisted FM type spaces of X as extended log twisted FM spaces
for brevity. Having defined both the sources and the targets of log stable maps, we
can now give the definition of the central objects of study of this paper.

Definition 2.5. A log stable map from a log curve (C, M)/(S, N) to an extended
log twisted FM space (W, K)/(S,N) is a log morphism f : (C, M) — (W, K) over
(S, N) such that, over each point s € S:

NSW/S — N, has rank equal to the number of

e The cokernel of the map
non-distinguished nodes.

e The map f*Ks — My is simple at the distinguished nodes.

e Stability: The automorphism group Aut(f) is finite.

e The following minimality condition holds: Either (C, M)/(S, N) is a mini-
mal log curve or, if not, then there exists a subsheaf of monoids N’ of N,
which is a locally free log structure on S, such that N = NN/, N¢/5 — N’

minimal, and N"/% — N surjective.

We explain the terminology: Over each s € S, C; is a nodal curve and W is an
extended log twisted FM space. A node of Cj is called distinguished if it maps into
the singular locus of W, and is non-distinguished otherwise. A morphism between
locally free log structures is called simple if it is given by a diagonal matrix, as
in the definition of extended log twisted FM spaces above. An automorphism of
f:(C,M) — (W,K) over (S,N) is a cartesian diagram over (S, N)

|

(C, M) — (W, K)
that respects the map to X; that is, on the level of underlying schemes we have

C— W —X

Lk

C— W —X

Remark 2.1. The minimality condition slightly deviates from Kim’s definition. In
[Kim10], the definition of a log stable map requires that the log curve (C, M) —
(S, N) be minimal. This neglects the possibility that there is no node in the curve
C mapping to the original divisor D = D[0]. The typical example of this situation
is in (X, D) = (P?,P!), where a line P! rotates to collapse into D: the limit map
is the map from P! to X[1] that sends all of P! into X[1] — X, with the image
line intersecting D[1] transversely. There is a more satisfying, intrinsic explanation
of the minimality condition. Minimality is a categorical property: Minimal log
schemes (S, N) are precisely the log schemes one must restrict to in order to be
able to consider a stack over log schemes, such as Mlg‘f% or the stack of all log
maps into extended log twisted FM spaces, as a log stack. This is the content of
the paper [Gilll]. Kim’s minimal log curves are precisely the minimal objects for
the stack MLO’%. However, the minimal objects for the stack of all log maps into
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extended log twisted FM spaces that satisfy the first three properties include the
case that no node of the curve maps into D[0], and we must include this case in the
definition. Here we also remark that what we call minimal here is the same thing
as what is called basic in [Chel4],[ACTI],[GS11]. Both notions correspond to the
same categorical notion of minimality.

Let us describe the logarithmic data concretely in the case when S = Spec k is
a geometric point. This description will be useful in what follows. The locally free
log structures on S are free in this case, described by a chart N” for certain integers
r; specifically, we have

NC/5 =N g N™ @ k*,
NWIS =N™ @ k¥,
N=N"@N" gk
The morphisms s¢/5 := s, tW/5 = t are described on the level of characteristic
monoids as follows: # : NW/S — N is given by a diagonal matrix of the form

(dy,--+ ,dm,0,---,0), as above. The morphism 5: N¢/% — N is given by a matrix
of the form (T',id), where I' is a generalized diagonal matrix:
INRERRI ST 0---0 0---0
0---0 Toq---Topy - 0---0
(1) : : - :
0---0 0---0 T R REES S
The integers k1, - -+ , k,, add up to m”. It is possible that the first row of the matrix

is 0, in which case d; = 1. This happens when no node of the curve maps to the
original divisor D = D[0]. Otherwise, the log curve (C, M) — (S, N) is minimal,
which means that there is no common divisor between the integers I'; i, ,- -+ , ' 1,
For each T'; ;, there is an integer such that d; = I'; ;I; ;. In other words, there is a
commutative diagram

NW/S NC/S

L

N N

We will now fix a stack B of certain log FM spaces and denote by B°*YW the stack
whose objects are extended log twisted FM spaces whose underlying spaces are in
B. We denote by U and U**™ the universal family of B and B®'W respectively. In
other words, we consider spaces W € B but endow them with log structures as
above. We will consider the stack /\/li?g (U/B) of log stable maps to targets in B°™Y.
It is proven [Kim10] that if the stack B is algebraic, ./\/li?g (U/B) is also algebraic.

Remark 2.2. Let us at this point explain the connection with Jun Li’s original
definitions and clarify this concept geometrically. A family of expansions W — S
of a pair (X, D) or, similarly, of a D-semistable degeneration X = Y; Up Y5 has
canonical log structures that determine log FM spaces. The canonical log structure
on a family of expansions is obtained in a manner formally identical to the way that
the canonical log structure on a nodal curve is obtained. A detailed treatment of
the canonical log structures on expansions can be found in Olsson’s paper [OIs03].
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Briefly, there is an algebraic stack B parametrizing expansions. The stack B is in
fact the open substack of the stack 913 of 3 marked, genus 0 prestable curves
where the first two markings are on the first component of the curve and the third
marking on the last; see for instance [GV05]. In B there is a normal crossings
divisor corresponding to singular expansions; therefore, B admits a log structure
M. Similarly, the universal family U over B admits a log structure My,. A family
of expansions corresponds to a cartesian diagram

|7 (——

|

S——2B
t

The pullback log structures t*Mp and u* My on S and W are what we denoted
by NW/5 and MW/5 above. Therefore, expansions are examples of log FM spaces.
We may thus consider log stable maps to expansions. The underlying morphism
of schemes of such a log stable map is a relative stable map in the sense of Jun
Li; the predeformability condition is enforced by the requirement that the map is
a map of log schemes. The log structures are thus additional algebraic data on a
relative stable map. The log structures encode essential geometric information very
conveniently. Suppose for simplicity that S = Spec k is a geometric point. We have
seen above the form of the log structures N/, NW/S N and the maps between
them. The rank of N"W/%, which we denoted by the number m above, indicates that
the target is the m-th expansion (X[m], D[m]) of (X, D). The number m’ is the
number of non-distinguished nodes. The number m” is the number of distinguished
nodes. The matrix I" above indicates that k; of the distinguished nodes map to the
first singular locus in (X [m], D[m]) (namely to D[0]), k2 map to D[1], and so forth.
The contact order of the j-th node mapping to the i-th singular locus is /; ;. Note
that once the underlying stable map is fixed, the diagram

NW/S __ NC/S
w/s l l sC/S
N—>N
between the characteristic monoids of the log structures is determined. This means
that in order to determine the full diagram

NW/S = NW/S g k> NC/S = NC/S @ k>

tW/sl lSC/s

N=Nagk* N

we need to determine the elements of k* to which the generators of N¢/8 and NW/$
are mapping. In fact, all generators of N"/% may be chosen to map into 1 € k*
after automorphism, so it is enough to treat only N¢/5. Matrix [l in Remark 2.1
indicates that s©/° has the following form:

(17) eij = (Dijeq, uij).
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Note however that the units u;; are restricted: they must satisfy the equation

ub =1, in order for the diagram

(€, M) —L> (W, MW)

|

(S, N)

to commute. This shows that there is a finite number of ways to give to a relative
stable map the structure of a log stable map. In other words, if Mp(X, D) denotes
Jun Li’s space of expansions and /\/llrog(Z/{/B) Kim’s space of log stable maps to
expansions of (X, D), which is algebraic stack since the stack of expansions B is
algebraic, there is a forgetful morphism

MEEU/B) = Mp(X, D).

For the rigorous definition of the morphism 7° : ./\/li?g (U/B) - Mr(X, D) we re-
fer to the work of Gross and Siebert [GS11] and the paper [AMW12] of Abramovich,
Marcus, and Wise. This is the left vertical arrow of diagram [¥ of the introduction.
The fact that relative stable maps are a locally closed substack of the stack of all
maps expresses the fact that the predeformability condition is locally closed. The
fact that the stack of log stable maps is open in the stack of all log maps expresses
the fact that predeformability is enforced by requiring that the map from a nodal
curve to an expansion be a log map.

3. EQUIVARIANT EMBEDDING

Since Kim’s moduli space does not carry a fundamental class but rather a virtual
fundamental class, in order to prove a localization formula we need to use the
virtual localization formula of Graber-Pandharipande [GP99]. Traditionally, to use
the results of [GP99], one needs to establish the following technical condition.

Theorem 3.1. There is a locally closed equivariant immersion of MY®(U/B) into
a smooth Deligne-Mumford stack.

In fact, after the results of Chang-Kiem-Li in [CKLI7], this is no longer necessary.
We nevertheless prove the theorem, as we believe that the result and its proof are
of independent interest. We will do this by proving that ./\/li?g(u /B) satisfies a
slightly stronger condition, also shared by Jun Li’s space Mp(X, D). Namely we
will prove that ./\/li?g (U/B) satisfies the following property, which we will abbreviate
as property SE (for strong embedding property):

o ./\/li?g(l/{ /B) = [V/G] is a global quotient, where G is a reductive group and
V is a locally closed subset of a smooth projective W with an action of G
extending that of V.

e There is a C* x G action on W which preserves V and descends to the C*
action on [V/G].

In [GV05], it is shown that Mp (X, D) satisfies SE by an explicit construction.
We have seen there is a morphism M %(U/B) — Mp(X,D); this morphism is
in fact finite, as shown in Lemma below. Therefore, it suffices to show the
following lemma; the idea of the proof is due to Vistoli.
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Lemma 3.1. Suppose f : X — Y is a C* equivariant finite morphism between
Deligne-Mumford stacks, and assume that Y satisfies SE. Then X satisfies SE as
well and thus embeds C* equivariantly into a smooth Deligne-Mumford stack.

Proof. Since Y satisfies SE, we may write Y = [V/G] C [W/G] with V. .C W a
C* x G equivariant locally closed subset and W a smooth projective variety. We
can find a C* x G equivariant open smooth subvariety W, C W such that:

(1) G acts on W, with reduced finite stabilizers,
(2) V is a closed subvariety of W.

(Note that this is clearly possible since [V/G] is Deligne-Mumford by the hypoth-
esis, or, equivalently, G acts on V with finite reduced stabilizers). The composed
morphism f: X — Y — [W,/G] is then still C* equivariant and finite, so by re-
placing V' with W, we may assume V is smooth. Since the morphism X — Y is C*
equivariant, we obtain a morphism f : [X/C*] — [Y/C*]. Here [X/C*] denotes the
stack quotient in the sense of Romagny [RomO05|, though our notation is slightly
different. Assume for a moment that [Y/C*] has the resolution property ([Tot04]),
i.e., that any coherent sheaf on [Y/C*] admits a surjective morphism from a locally
free sheaf on [Y/C*]. Then, the sheaf f,(O|x/c+), which is coherent since f is finite,
is the quotient of a locally free sheaf £ on [Y/C*]. In other words, [X/C*] embeds
into a vector bundle over [Y/C*]. That is, there is a C* equivariant morphism of
X into a C* equivariant vector bundle over Y = [V/G], hence a C* equivariant
embedding of X into a smooth DM stack. In particular, X admits a C* equivariant
embedding into a stack of the form [U/G], where U is a smooth vector bundle over
V', so it is, in fact, a quotient. To see that X satisfies SE, then, the only thing that
remains to be shown is that U embeds C* x G equivariantly into a smooth and
projective variety as a locally closed subset. We give the proof after proving the
resolution property for [Y/C*], as it requires essentially the same argument.

We thus show that [Y/C*|=[[V/G]/C*] does, indeed, have the resolution prop-
erty. Equivalently, we prove that any C* equivariant coherent sheaf F on [V/G]
admits a C* equivariant surjection from a C* equivariant locally free sheaf.

Let p : V — [V/G] be the projection. Since we assumed above that V' is smooth
and quasiprojective, by [MFK94| Corollary 1.6], we can find a G x C*-equivariant
immersion i : V. — P". Let Oy (1) = i*Opn (1) and consider a C* equivariant
coherent sheaf F on [V/G]. Since the G x C* action on V descends to the C* action
on the quotient [V/G], the pullback p*F is G x C* equivariant. It is also coherent.
Therefore, since V' is quasiprojective, we may pick a large N so that the twisted
sheaf p* F(N) is generated by global sections, say s1, 82, - , 8y, € HO(V,p* F(N)).
Let Vi = (s1,82,...,8m) be their linear span in H°(V,p*F(N)). Following the
argument in the proof of [MFK94, pp. 25-26, Lemma *], we can find

Vic Va C HY(V,p*F(N)),

where V5 is a C* x G equivariant finitely generated subspace. We therefore obtain
a natural C* x G equivariant surjection of sheaves on V'

hence a natural C* x G equivariant surjection

Va(=N) = p*F
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which descends to a C* equivariant surjection from a C* equivariant locally free
sheaf on [V/G] to F . This shows that [Y/C*] has the resolution property. Note
that this argument also suffices to complete the proof that X satisfies SE: we have
already seen that X embeds C* equivariantly into a vector bundle [U/G], where
U is a vector bundle over V; let U = Spec(S(€’)) for some locally free sheaf &’
on V. Then the argument just given shows that £ admits a C* x G equivariant
surjection (Oy(—M))* — &' for some integers M k. Therefore, [U/G] admits a
C* equivariant locally closed immersion to the quotient of the projectivized bundle
P(Opn (—M)* @ Opn) over P" (i.e., a smooth projective variety) by G. O

Lemma 3.2. The morphism Mi?g(U/B) — Mrp(X, D) is finite.

Proof. We need to show that every geometric point of Mrp(X, D), that is, every
relative stable map f, has a finite number of preimages and that the morphism is
representable: for each preimage f, the map Aut(f) — Aut(f) is injective. The
discussion in section 2, or Remark 6.3.1 in [Kim10], establishes the finiteness of the
preimages. Then let f be a log stable map lying over f. Denote the base by (S, N),
where S = Spec k, the source curve by C, and the target by W = X[m"]. Let m,m’
be the number of distinguished and non-distinguished nodes of f respectively, and
let m” be the number of nodes of W. We have N/5 = N™ @ N™' @ k*, NW/S =
N @k*, and N = N & N™ ¢ k*. An automorphism of f lying over the identity
automorphism of f is simply an automorphism of the logarithmic structures, that
is, an automorphism A of N that respects the maps s := s¢/5 : N¢/8 — N,
t :=tW/8 . NW/S 5 N. In other words, we are looking for commutative diagrams

N™ @ Nm' @ k* _ 5. Nm” o) Nm/ o k* Nm” @ k* _t> Nm” o) Nm' o k*

] T

N"eoN™ @k —>N"" oN" ¢k NV @k —=N"" o N™ ¢ k*

The induced matrix § on the level of characteristic monoids is a generalized diagonal
matrix which is the identity on the last m’ components, and similarly ¢ is a diagonal
matrix with finite cokernel on the first m components. Therefore A must be a
diagonal matrix as well, in fact, the identity on characteristic monoids. It follows
that each factor of N™" contributes to automorphisms separately, and we may thus
assume m'’ = 1 without loss of generality. In other words, the automorphism group
of N splits as a product of the automorphism groups contributed by each node of
the target. We are thus reduced to studying three cases: (a) either there are m
distinguished nodes mapping to the node of W; (b) there is a node in W but no
node in C, i.e., m = m/ = 0 (cf. the minimality condition of Definition 21]); or (c)
there is one non-distinguished node and no distinguished node, i.e., m = 0,m' = 1,
since every non-distinguished node contributes precisely one factor of N in N. The
first case is most interesting. In this case, the two diagrams take the form

N

N"® k" ——>N@k* Nok —>Nok
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These are homomorphisms of log structures, thus lie over the map to the field k,
and the factor of k* maps identically to itself. The automorphism A is determined
by its action on the generator e of N and thus takes the form e — (e,v) for a unit
v € k*. On the other hand, we have seen in formula (I’) that

e; — (I‘Z—e, ui),

and thus commutativity of the diagram implies (I'je,u;v'¢) = (e, u;); that is,
o' =1 for all 5. By minimality, the greatest common divisor of the I'; is 1, and
thus v = 1.

In the case (b), the diagrams become

4. Nek , Nok —->~Ngk*,

1T

k*T>N69k* N@k*—t>N@k*

and the map t is of the form e — (de, 1). However, minimality requires that d = 1.
Hence, A, which has the form e — (e,v), must have v = 1 and is thus trivial.
Finally, in case (c) the diagrams become

Nok* —>Naok', k—2>Naok,

T

N@k* ——=NoE” k*TN@k*

and s is the identity on the level of characteristics, so A is trivial as well, by the
same argument as in (b). O

From the two lemmas it follows that the localization formula of [GP99] can be
applied to ME(U/B).

4. THE OBSTRUCTION THEORY

In this section we analyze the obstruction theory of M8(U /B). We will write M

for M?g(u/B) to ease the notation. There is a forgetful morphism, 7: M — MB,
where

MB = i)inlOg XLOoG BEtW

g,n

Here, the category LOG is the category whose objects are log schemes and
morphisms are strict log morphisms. The stack M B parametrizes, over a scheme .S,
pairs (C, M)/(S,N) and (W, K)/(S,N) of an n-marked log curve over (S, N) and
an FM space in B®*™ over the same log scheme (S, N). The morphism 7 sends a log
stable map to the pair consisting of the source of the map and the target; it is the
forgetful morphism forgetting the data of the map. The stack M B is the analogue
of the Artin stack 9 of prestable curves in ordinary Gromov-Witten theory. It is
also smooth and, in fact, log smooth, as it further has the structure of a log stack.

By standard properties of the cotangent complex, the morphism 7 induces a
distinguished triangle

T_lﬁMB — Ly — ‘CJVI/MB — T_lﬁMB[l].
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Consider the diagram

Cuniv f uetw

e

|

M Betw

Here C"V is the universal family of M and U°*V the universal family over B¢".
The morphism f is the evaluation map and 7 the projection. It is proven in section
7 of [Kim10] that there is a canonical morphism

1 1
E* = (Rﬂ*f*Tui%w/Bctw)v — ‘C]\(}g}MB
which is a (relative) perfect obstruction theory. The morphism 7 is strict; therefore
the log cotangent complex LINO;’; mp coincides with the ordinary cotangent complex
Lty mp- Furthermore, the stack MB is smooth; therefore L5 is a two-term com-
plex concentrated in degrees 0 and 1 (it is an Artin stack, so it has automorphisms).
We therefore have a diagram

£M/MB[_1] —— 7 Ly — L —>£M/MB

| | T

E'[—l} —>7’71£MB E*

We may fill in the lower row by the cone of E*[—1] — 77 1L to obtain an
(absolute) perfect obstruction theory for M. We denote the tangent and obstruction
sheaves on M by T, T2 respectively. Applying the functor RHom(e, Oy;), we
obtain the following lemma.

Lemma 4.1. Over a geometric point f : (C,M¢c)/(k,N) — (W, Mw)/(k,N), the
tangent space 7}1 and obstruction space 7']22 of M fit into an exact sequence

0 = aut(r(f)) = HO(f*Ty#) = Tf = Def(r(f)) = H' (f*Tyy¥) = T = 0.

The term T‘],Eg denotes the logarithmic tangent sheaf, that is, the dual of the
sheaf of relative logarithmic differentials of the logarithmic map (W, My,) — (k, N)
[Katl, section 1.7]. The term aut(7(f)) refers to the group of first order infinitesimal
automorphisms of 7(f). To carry out localization calculations, we need to know the
equivariant Euler classes of 71, 72. Since the Euler class is a K-theory invariant,
it is enough to understand the other four terms in the exact sequence. The terms
H*(f *T‘l,f}g), k = 0,1, are the cohomology groups of explicit locally free sheaves on
the curve C, which may be calculated by hand. In fact, more can be said:

Lemma 4.2. Suppose m : W — X denotes the canonical contraction map. Then
Tio8 = n* T8 = 7*Tx (—log D).

Proof. We recall the explicit construction of the log schemes X[n]. For details of
the construction, the reader is referred to [Li0I]. Set Y'[0] = X[0] = X; let Y[1] be
the blowup of Y[0] x A = X x A! along the divisor D x 0, with a divisor D[1] C Y[1]
defined as the proper transform of D x A'. We view Y[1] as a family of log schemes
over Al) with logarithmic structure on A! coming from the divisor 0 € Al, the
product log structure on X x Al, and the natural log structure on the blowup Y[1].
The log scheme X [1] over Spec k is the fiber of this family over 0, with the induced
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logarithmic structures on X[1] and the base Spec k. Next, Y[2] is the blowup of
Y[1] x A! along D[1] x 0, with a divisor D|[2] the proper tranform of D[1] x Al. This
is viewed as a family over A2 | with the standard toric log structure on A% coming
from the axes, and the log structure on Y[2] again arising from the product log
structure on Y[1] x A! and blowing up. The scheme X [2] is the fiber over 0 € AZ.
In general, Y[n] is constructed from Y[n — 1] x A! by blowing up D[n — 1] x 0; this
is viewed as a family over A™ with the toric logarithmic structure on A" and the
logarithmic structure on Y[n] coming from Y[n — 1] x A and blowing up; D[n] is
the proper transform of D[n — 1] x A'; and X[n] is the fiber over 0 € A™. Then, for
each i = 0,1,...,n, the ideal sheaf of D[i] x 0 in Y[i] x A! is actually a logarithmic
ideal sheaf, so the resulting morphism 7 : Y [n] — X x A™ in the diagram

Y[n| — TS X x A"

L

A" A"

is a sequence of logarithmic blowups in the sense of [Katl 1.3] (see also, for example,
[Niz06, section 4] for the definition of the logarithmic blowup). Since logarithmic
blowups are log étale morphisms, 7 is log étale. It follows that the log tangent
bundle of Y[n] over A™ is the pullback of the log tangent bundle of X x A™ over
A™ which is simply the log tangent bundle of X. Since log étale morphisms are
stable under base change, it follows that the tangent bundle of X [n] over the base
Spec k is pulled back from X as well, as claimed. |

Thus the two terms H*(f *Tll,ﬁg) only depend on the logarithmic map from C' to
X. What we have to understand are the two terms aut(7(f)), Def(7(f)), that is,
the infinitesimal automorphism group and tangent space of a point of MB. In the
discussion that follows, we restrict attention to the stack MB when B is the stack
of expansions of X, discussed in Remark

We will understand the deformation group in terms of the stack of twisted stable
curves MY, of Abramovich-Vistoli [AV02], which is well understood. To do so, we
must digress a bit. First, it will be easier for technical reasons to compare the
deformation theory of MB with the deformation theory of the stack of log twisted
curves of Olsson [OIs07], which we denote by 98", It is shown in [OIs07] that
Miestw = 9Nt - Recall the definition of MLEM.

Definition 4.1. A log twisted curve over a scheme S is a log curve C' — S, N¢/8 &
N, where N is locally free and « is an injection that is locally given by a diagonal
matrix.

Let us fix some notation. Denote the set of non-distinguished nodes of the curve
by R, the set of distinguished nodes by S, and the nodes of the target by 7. In the
notation above, we would have |T'| = m,|R| = m/,|S| = m”. Furthermore, let

A=[A/Gy]

denote the “universal target”: this is the moduli space that over a scheme S
parametrizes line bundles L over S, together with a section s € I'(S,L), up to
isomorphism.
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Consider now a family F' of log stable maps over a scheme S, which specializes
over a geometric point Spec k to amap f : ((C, M¢)/(k,N),Z) — (W, Mw)/(k,N).
We must now define several morphisms.

First, consider the image of F' in ,‘Jﬁ_{ﬁ% under the natural forgetful morphism,

which forgets the data of the target and the map. Etale locally around
(C,Mc)/(k,N), we have a map 98 — D™, The morphism is defined as
follows: for an étale neighborhood (C’, M¢/)/(S’,N) of (C,M¢)/(k,N) in which
all log structures NC'/5" and N are actually free, the map sO'/5" . NC/ST 5 N

factors as NC'/5 7"c—/>s NC'/8" _y N. This factorization has the following descrip-
tion on the level of characteristic monoids: we have seen in formula () of section
2 that the morphism N¢'/5" = N ¢ N — N = N™ @ N™ has the form (T, id),
with I" a generalized diagonal matrix. This factors as

Nm ® Nm (771d) Nm ® Nm' £> N™ & Nm/7
where v is the matrix I' ‘made diagonal’, i.e.,
I, 0 0 e 0 0 - 0
0 Tys O e 0 0o - 0
v = 0 0 Tig O 0
0 0 0 ',y 0O 0
0 cee o Tk,

and the map p is the projection that sends the first k; coordinates of N™" to the first
coordinate of N, the next ko coordinates to the second coordinate of N, and so
forth. It remains to explain how the morphism lifts from the level of characteristic
monoids to the actual log structures; this is the evident extension of formula (T
of Remark 2.2. If s¢'/5' maps

€ij = (Fijeiuuij)y

then we now have that r¢'/5’ maps

eij = (Tijeis, wij).

Therefore, from the data (C" — S/, N'/5" = N) we obtain a log twisted curve
(C" — &, rC"/S" . NC'/S" 5 NC'/5"). This defines the required morphism. When
we compose with the isomorphism smlogtw = zm; the twisted curve C we obtain
is the curve C' with the j-th node of C mapping to the i-th node of W twisted by
L.

jNext, in an étale neighborhood My of the image of f in mz‘fﬁtw, we have a
morphism 9M; — A™", which can be described as follows. The m/” nodes signify
that in an étale neighborhood of the image of f in zmlogtw the image of f is in
the intersection of m” boundary divisors of Sﬁlogtw 1ntersect1ng transversally. In
an étale neighborhood Mi; of the image of f the m' divisors thus determine m”
line bundles with sections and thus yield the desired map to A" We may further

obtain a morphism By — A™ from an étale neighborhood of f in B®™ in a similar
fashion.
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Putting everything together, we obtain an étale neighborhood MBj of 7(f) in
MB and a morphism ¢:

¢ MBj ——> M X g AT ——> AT

|

My Am”

Let us choose a point 7(f)" in MB lying over 7(f).
Lemma 4.3. The morphism ¢ is étale at 7(f)'.

Proof. Since all stacks in question are smooth, it is sufficient to show that their
tangent spaces at 7(f)" and ¢(7(f)’) respectively are isomorphic. It will be clear
from the proof that we may reduce to the case where two distinguished nodes map
into a single node of the target, that is, where m” = 2,m = 1,m’ = 0. The
argument for this is the same as the argument in the proof of Lemma We will
restrict attention to this case to simplify the notation. We are therefore given étale
locally around 7(f) a diagram

¢ZMBf —>9ﬁf X A2 Al ——= AL

|

M A?

and we want to show that ¢ induces an isomorphism of tangent spaces. Since étale
maps between smooth stacks induce isomorphisms on tangent spaces, we will work
directly with the original moduli stacks and study their tangent spaces around the
respective images of the point f rather than their étale neighborhoods, again in
order to keep the notation simple. Recall that the element 7(f) € MB(Spec k)
consists of data of a pair (C/Spec k, W = X[1]/Spec k) and two diagrams of log
structures

(2) N2@k* —>Nok*, Nok* —>Nok*

Here the maps s and ¢ are the maps sC/Speck W/Speck regpectively. We have

by formula (] that e; — (T;e,u;) (the T'; here are what we would have called T'y;
above, but since there is only one target node, we drop the first index to simplify
notation). The map ¢ is given by mapping the generator e — (de, 1), and the rest
of the arrows send the generators of N,N? to 0 in k.

On the other hand, an element of 9)?}]0’%'3“’ x 42 Al (Spec k) corresponds to a triple
(z,y,a) of an element z of M;?%tW(Spec k), an element y € A!(Spec k), and an
isomorphism between their images in .A2(Spec k). The element x corresponds to a
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pair of a nodal curve C'/Spec k as above and a diagram of log structures

(3) NC/k :N2@k* _7">N2@k*

|

k

where the top map r = r@/Speck ig an injection e; — (T';e;, u;); the map A sends

e; — a; € k; and the diagonal map is determined by commutativity, e; — uiagi.
An element of A!(Spec k) is a line bundle over Spec k together with a section, in
other words, an element a € A'. An element of A?(Spec k) is similarly a pair
(a1,az) € A%, The map A'(Spec k) — A?(Spec k) sends a — (a,a), and the map
DM (Spec k) — A*(Spec k) sends the data just described to the pair (a1,as).
Therefore the triple (z,y,a) has z as above, y = a € Al, and a = (c1,¢2) € (k*)?,
an isomorphism of (a,a) with (ai, as) in AZ%; that is,

e ¢; = % if all @ and a; are non-zero,
e ¢; is arbitrary if a = a; = as = 0.

The morphism ¢ : MB; — My x 42 A then sends the data corresponding to
7(f) to the triple (x,0,(1,1)), where x is the curve (C/Spec k) and the diagram
(3) has r, 8 determined by r(e;) = (I';e;,u;) and B(e;) = 0, with T';,u; as in the
definition of s.

To show that ¢ induces an isomorphism of tangent spaces we consider isomor-
phism classes of morphisms from Spec k[e] to all stacks in question extending the
given data over Spec k. A morphism Spec k[e] — zml;jitw corresponds to a pair of
an infinitesimal deformation C’/Spec k[e] of C' and a diagram

7[e]

(4) N2 @ k[e]* —— N2 @ k[e]*

\ lm

kle]

lying over (3). Therefore, we must have e; — (T';e;, u; + v;e) under r[e]; Ale] maps
e; — aje. The diagonal arrow is determined by commutativity e; — ()" (u;+v;e).

Morphisms Spec kle] — A' and Spec k[e] — A? lying over the given elements 0 €
Al(Spec k), (0,0) € A?(Spec k) are again line bundles over Spec k[e], which are thus
trivial, together with a section restricting to 0 over Spec k; hence they correspond
to ae, (1€, age) respectively. Under the morphism 98" (k[e]) — A%(Spec k[e])
maps the extension of z to the pair (€, age), where the «; are the ones appearing
in diagram (4). Isomorphisms between (ae, ae) and (o€, age) restricting to (1,1)
over Spec k are of the form (1 + Sy¢,1 + Ba¢). Note that 81, 82 can be arbitrary;
however, in order for an isomorphism to exist, the condition a3 = as = « is
forced. Therefore, the choices involved in extending (z,y, &) are the choices of the
deformation C’ of C' and the numbers «, v;, 3;. Notice however that the choice of
either the v; or the 8; can be eliminated via an isomorphism, for consider two pairs
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(14 B1e,1 4+ B2¢) and (1 + Bie, 1+ Bhe)). There is an isomorphism

rlel:e;—(Ties ,ui+vie) Ale
N2 @ k[e]* N2 @ k[ D kg
; LA ‘:
v [e:ei—(Ties,us+vie)
N2 @ kle]* N2 @ kle]* —— k[e]

Ale]

with the vertical arrow being the isomorphism A : e; — (e;, 1 + ¢;€) where ¢; =
Bi — B and v} = v; + u;Te;. In other words, if we denote by z[e] the extension
of x determined by choosing r[e] as the extension of r (that is, with the choice of
the unit v;) and by x[e]’ the one with 7’'[e] as the extension of r (with the unit
v;) we have an isomorphism between the triple (z[e], ae, (1 + Br€,1 + B2¢)) and
(2le]’, ae, (1 + Ble, 1+ Bhe)).

To summarize, the choice of the extension of the image of 7(f) in DJT;‘f%LtW cor-
responds to the data of a choice of a deformation C’ of C and the choices of the
numbers «, v;.

On the other hand, a choice of an extension of 7(f) in MB corresponds to the
data of a deformation C’ of C, a deformation W' of W in B, which is necessarily
trivial, and diagrams

(5) N2 @ k" s N@ k", No k" —9> N k[¢*
\ ln[e] \ ln[e]
kle] kle]

lying over (2). The extension s[e] maps e; — (I';e, u;+v;e€), tle] maps e — (de, 14ve),
k[e] maps e — «e, and the diagonal arrows are determined by commutativity.
Notice that up to isomorphism, there is only one choice for the right diagram, the
choice of the number «. Again, this is because from the diagram

tle]:e—(de;,14ve) w[e]

N @ k[e]* N @ k[e]* — kle]
t'[e]:er>(de, 140" €)
N & k[e]* N @ kle]* —— k[e]

r[e]

with B the isomorphism e — (e, 1+ce), and v/ = v+ cde we get an isomorphism be-
tween the extension determined by the extensions s[e], k[e] of s, x with the extension
determined by s'[€], k[€]. Since by varying c the expression v+ cde varies through all
elements of k, the choice of s[e] is eliminated up to isomorphism, as claimed. Once
the isomorphism B is fixed, though, the diagrams on the left with different choices
of v; remain distinct. In other words, the choices involved in extending 7(f) are up
to isomorphism the extension C’ of C' and the numbers «,v;. These are precisely
the same choices as involved in extending (z,0, (1,1)). This concludes the proof of
the lemma. |

Remark 4.1. The geometric meaning of the number «; in the map N? @ k[e]* —
kle],e; — aye is that the i-th node is smoothed with speed «; in the moduli space
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of twisted curves. The geometric significance of Lemma 4.3 then is that in MB, all
nodes mapping to the same node of the target must be smoothed simultaneously,
with the same speed: the speed with which the node of the target is being smoothed.

The lemma in particular implies that we may calculate Def(7(f)) as follows: Let
us write > x; for the divisor of marked points and C the twisted curve obtained
from f as explained. The tangent space to the stack of twisted curves is given by
the ext group

Ext!(Qc(d_ ), Oc),

where O¢ and Q¢ are the structure sheaf and sheaf of Kahler differentials of the
twisted curve respectively. The “local-to-global” spectral sequence for Ext says
that the tangent space fits into the short exact sequence

0— Hl(Hom(Qc(Z x;),0¢)) = Extl(Qc(Z x;),O¢)

© — HO(Ext' (e () :),0c)) — 0.

Here Hom and Ext are underlined to indicate that we are taking the sheaf Hom
and Ext respectively. The rightmost group in the exact sequence has a canonical
description as follows. Let R, .S, T denote the set of non-distinguished nodes of the
curve, the set of distinguished nodes of the curve, and the set of nodes of the target,
as above. Furthermore, given a node z in the curve C, let C.,i = 1,2, denote the
two components of C at z. Then we have

HO(Ext' (Qe(Y 2:),00) = P TClenc2=cm "

nodes of C

There is a diagonal map C™ — C™" which simply sends the coordinate e, cor-
responding to a node y € T to the sum of the coordinates corresponding to the
nodes in C mapping to y, that is, Zx;f(w):y e;. This is in fact the map of tan-
gent spaces of the map A™ — A™" described above. Just as the tensor product
D odes of ¢ TwCL @ T,C2 describes intrinsically the part of the deformations of the
curve that smooth the nodes, the group @;_, H'(W, Nppi xfi—1) @ Nppij/xpi) de-
scribes the part of the deformations of W = X[n] that smooth the nodes of W.
Here, W is obtained from W by twisting along the divisor D[] by the integer d;
via the map t"/5 : NW/S 5 N, just as C is obtained from C' via the map r¢/5.
Then, the fiber diagram of Lemma [£.3] implies the following.

Corollary 4.1. The tangent space Def(7(f)) to MB is the fiber product

Def(7(f)) C™ =@, H(Npp/xli-1) @ Npjij/ap)

| |

Eth (QC(Z xi)’ Oc) cm = Gadistinguished nodes of C T1C; ® TEC%

The proof of Lemma 3] also allows us to understand the automorphism group

aut(7(f)).

Corollary 4.2. An infinitesimal automorphism of f in MB consists of an in-
finitesimal automorphism of the source curve C fizing the marked points and an
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infinitesimal automorphism of W in B:
aut(7(f)) = aut(C, Z) ® autg(W) = aut(C, Z) & C™.

Proof. We give the details for the case when two nodes of C' map into a node of
W, as in Lemma 4.3. The general case reduces to this as in the proof of Lemma
The group of infinitesimal automorphisms of 7(f) consists of the group of
automorphisms of the trivial extension of 7(f) over k[e] lying over the identity au-
tomorphism of 7(f). This is an infinitesimal automorphism of C, an infinitesimal
automorphism of W in B, which consists of a copy of C for each expanded com-
ponent of W, and an automorphism A of the log structure N = N @ k[e]* which
lies over the identity automorphism over Spec k and which is compatible with both
diagrams

NO/$ =N? @ kle]* —> N =N k[, NW/ =N k[]* —> N =N@ k[d*

k[e] k[e]

Here s(e;) = (Tie,u;), t(e) = (de, 1) as always. An automorphism A of N must
map the generator of N e — (e, (1 + ce)) for some ¢ € k if it is to reduce to the
identity over Spec k. In order for the automorphism to be compatible with the
second diagram, that is, in order for

N @ kl]* ——> N @ k[¢)*

zl lA

N @ kle]* ——> N @ k[e]*

to commute, we must have At(e) = (de, (1 + ce)?) = (de, 1 + cde) = (de, 1) = t(e),
which implies that ¢ = 0. So the logarithmic structures contribute no infinitesimal
automorphisms. O

5. THE VIRTUAL LOCALIZATION FORMULA

We are now in a position to derive the virtual localization formula for M5 (U /B)
in the case when the pair (X, D) carries a T = C*-action leaving D pointwise fixed.
The ideas of this section can essentialy be found in the paper of Graber-Vakil
[GV05]. For the convenience of the reader, we recall the form of relative virtual
localization formulas and refer the reader to the paper of Graber-Pandharipande
[GP99] for details.

5.1. Graber-Pandharipande virtual localization. Suppose M is a DM stack
with a C*-action equipped with a C*-equivariant perfect obstruction theory C*® —
L. Let F, denote the connected components of the fixed locus of M, which we
refer to as the fixed loci for brevity, and denote the natural inclusion by i, : F, —
M. The virtual localization formula reads

I

Here w is a class in A%.(M), the equivariant Chow ring of M (or in equivariant
cohomology). The integral f[ M]vir is the proper pushforward map from A% (M) —
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A (pt) = A*(BT) = Clu]. The term eT denotes the equivariant Euler class of a
vector bundle, in this case, of the virtual normal bundle N}f{f of F, in M. The
qualification that the normal bundle is virtual means that we are not only taking
the ordinary normal bundle in the tangent space but also keeping track of the
obstruction bundle. More precisely, N} is defined as 7;™ — T;™, the moving part
of the tangent space minus the moving part of the obstruction space (the moving
part of a representation is the subrepresentation where T acts non-trivially). The
Euler class of a sum of vector bundles is by definition the product of the Euler
classes; the Euler class of the difference is thus the quotient. Finally, the virtual
fundamental class of a fixed locus [F|V' is by definition the virtual fundamental
class arising from the fixed part of the tangent/obstruction theory. Therefore, in
order to give a localization formula we must identify the fixed loci and calculate
the classes e (N}3T) for each of them.

5.2. Types of fixed loci. Consider a pair (X, D) as above. This defines a stack
of expanded targets B, as explained in Remark We fix discrete data I' =
(9,m,h,é= (c1, -+ ,cp)), consisting of the genus of a curve, m + h marked points,
and the contact orders of the last h marked points at the divisor at infinity D[n] of
the target W = X[n]. In this section we study the fixed loci of MPE(U/B) = M.
In the localization formula we will distinguish between two different types of fixed
loci; the first type consists of morphisms to X itself rather than an expansion of
X. Such a locus is much simpler to understand than a general locus. The other
type of fixed loci consist of those with targets W = X[n] with n > 0. The idea of
the localization formula is to express the virtual fundamental classes of these loci
recursively in terms of the simple loci and moduli spaces of log stable maps to the
expanded part of W only. We formalize this below.

Definition 5.1. A fixed locus F' C M is called simple if the general, hence every,
element f € F has target W = X[0] = X. We denote a simple fixed locus with
discrete data T' by MI®8(U/B)s™ = M.

Similarly we define composite loci.

Definition 5.2. A fixed locus F' C M is called composite if the elements f € F
map to targets W = X|[n] with n > 0.

The simple loci MU /B)*™ are open substacks of M *8(U/B); therefore, all
results of section 4 apply to the simple loci without change.

To understand composite loci, we need to understand log stable maps to the
expanded part of W = X|[n], that is, to the scheme theoretic closure Y = W\ X[0]
of the complement of the first component X = X[0] in X[n]. The formal definition
of such a log stable map is identical to the one given in Definition The only
differences in the theory of such maps arise from the fact that the rigidifying map to
X is much simpler, contracting all components to D. In the case of X = P!, which
was the first case to be studied in the literature, the rigidifying map to X becomes
trivial. We thus call these maps unrigidified log stable maps. We denote the stack
parametrizing the expanded part of expansions of X by B~ and its universal family
by U~. Similarly to B, the stack B~ is isomorphic to the open substack of M o
where the first marking is on the first component and the second marking is on the
last component; see Remark We will abusively denote the space of log stable
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maps to targets in B~ by Mi?g (U/B)~. The analogous stack of unrigidified relative

stable maps Mp (X, D)™ is introduced and studied in [GV05].

Remark 5.1. The stack Mi?g(u /B)~ is very similar and often simpler than
ME(U/B). For instance, observe that
e The minimality condition in Definition is actually simpler: it simply
requires that the log curve (C, M) — (S, N) be minimal, since it is not
possible to have a node of the target with no distinguished node mapping
to it anymore.
e The analogous map MPEU/B)~ — Mp(X, D)~ of Lemma is also
finite, as the map to X is never required in the proof of Lemma 3.2.
e Theorem Bl applies without change. This is because it is shown in [GV05]
that Mrp(X, D)™ satisfies the property SE, so Lemma [B1] applies.

For the purposes of localization, we need to understand the deformation the-
ory of MP&(U/B)™ carefully. This is essentially the same as that of M%(U/B).
Specifically, we introduce the analogue of the stack MB,

MB™ = miﬁ% XLOG (BN)CtW7
and its canonical morphism,
™ MOEU/B)Y — MB”.
The analogues of Lemma 4.1 and of Corollaries 4.1 and 4.2 are then as follows.

Lemma 5.1. Over a geometric point f : (C,M¢)/(k,N) — (Y, My)/(k,N), the
tangent space 7}1N and obstruction space 7}2~ of M~ fit into an exact sequence

0 — aut(r™(f)) = HO(f*Ty%) — T}~ — Def(r~(f)) — H (f*Ty®) — T~ — 0.

Proof. The deformation theory of Mllgg (U/B)~ is the same as in section 4, induced
by the relative perfect obstruction theory

~\e * rplo, lo
(E ) = (R’TT*f TMEQCW/BNECW)V — ﬁMgN/MBN

where M has been replaced by M~ and B by B~. This is true since Kim’s proof
works for any stack of log FM spaces, thus expansions and unrigidified expansions
alike. Therefore, the discussion of section 4 applies as well, which results in the
six-term exact sequence. (Il

Furthermore, with the notation of Corollary Bl we have the following.
Corollary 5.1. The tangent space Def(7~(f)) to MB is the fiber product

Def(TN(f)) cm= @?:2 HO(ND[i]/X[ifu ® ND[i]/X[i])
Eth (QC(Z xi)a OC) (Cm” = @distinguished nodes of C TJCC; ® Tﬂfcﬁ

Proof. The corollary follows from Lemma .3} the lemma applies verbatim, as the
map to X is required nowhere in the proof. ([l
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Finally,

Corollary 5.2. An infinitesimal automorphism of f in MB™ consists of an in-
finitesimal automorphism of the source curve C fizing the marked points and an
automorphism of W in B~ :

aut(7(f)) = aut(C, T) & autp~ (W) = aut(C,Z) & C™.

The two main differences between M5 (U /B) and MP2(U/B)™ are the follow-
ing: First, the action of T = C* on /\/lif)g (U/B)~ is trivial. This is because dilation

of each component of Y = W\ X[0] by ¢ € T is an automorphism of ¥, and so the
map cf is isomorphic to f. Second, the log tangent bundle T,lf € is trivial.

5.3. Description of the fixed loci in terms of known stacks. Consider now an
element f € Mi?g (U/B) in a composite fixed locus, mapping to a target W = X|n].
Define C; = f~1(X),Cy = f~1(Y) with Y = W \ X|[0] as above, and let f; : C; —
X, f2 : Co — Y denote the restriction maps. The discrete data T' = (g, h, m, €) then
splits into two sets of discrete data: T'y = (g1,& = (v, -+, ), S1, f1), consisting
of the genus of Cy, a partition describing the behavior of f; over D = D[0], the
subset S7 of the marked points on C7 not mapping to D, and the homology class
(f1)«[C4]; and Ty = (g2, @, ¢, Sa, B2), consisting of the genus of Cs, the subset Sy
of the marked points on C5 not mapping to D, the same partition &, the original
partition ¢ describing the behavior along the divisor at infinity, and the homology
class determined by f>. The data I'y,I's are locally constant on the fixed locus.
Furthermore, f1 and f5 are naturally logarithmic stable maps, with logarithmic data

determined only by f. Then, the map f; belongs to Mif)lg (U/B)*™ and f, belongs
to Mi?f (U/B)~. In what follows we will describe the substacks Fr, r, of the fixed
locus of Mi?g(l/{ /B), obtained by all possible splittings of the discrete data I' into
(I'1,T3), in terms of known stacks involving Mif)lg(U/B)Sim and M?E(M/B)N. To

sim
X

this end, we need to be able to glue any pair of log stable maps in ./\/liflg (U/B)
M?E(U/B)N into a log stable map in M{*%(U/B). In order to do so, we need
first of all to be able to glue the underlying maps, so we work right away with
Mif)lg(U/B)Sim X pk Mi?f(bl/[j’)” and only need to glue the logarithmic data.

It is convenient to think about log structures in the Borne-Vistoli setting [BV12];
thus, a log structure on a scheme S is a sheaf of sharp monoids Mg and a functor
Fy, : Mg — Divg = Hom(S, A') = Hom(S,[A'/G,,]). Concretely, to every
element of Mg(U) we assign a line bundle with a section on U in a functorial
manner. In our case everything is particularly simple, as the characteristic monoids
Mg will be just of the form N* for some integer k, as in fact the characteristic
monoids of the relevant sublog structures will be constant, so all this data will
amount to choosing k line bundles with sections on S. A morphism between two
log structures Mg, Ng on S is a map ¢ : Mg — Ng such that Fng o ¢ is naturally
isomorphic to Fyz,.

A. The canonical log structures on the glued source and target. Consider
a family of nodal curves p : C' — S, for which k nodes persist. We label the nodes
(connected components of the relative singular locus) by xi,---,z, and by C;
and Cy the two components of the partial normalization of C' at the nodes. For
notational convenience, we denote the images of the sections of p; : C; — S and
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p2 : Cy — S which map to the node x; by the same symbol. The canonical log
structure N¢/5 on S (see section 2) has a locally free sublog structure correspond-
ing to the nodes. In the language of Borne-Vistoli the latter is the log structure
(N e; (P11, )+ (Nay 1) @ (pa),, )« (Ne,yc,),0)); that is, the line bundle that
parametrizes deformations of the node in C' and with the 0 section, as p: C' — S
corresponds to a map to M, , that maps into the boundary divisor determined by
the node, and the log structure on S is pulled back by the divisorial log structure on
M, » under this map. Similarly, for a family of singular expansions ¢ : W — S'in B
for which the singularity persists, we will write W = X; Up, Xo. Here X; = X x §
is the simple part of W, X5 € B~(S) its expanded part, and Dg denotes the Cartier
divisor in X; and Xs, canonically identified with D x S (see [Li01l section 4.1]),
along which we glue them to obtain W. Since the fibers of Np,,x, ® Npg,x, are
trivial, a standard cohomology and base change argument shows that the pushfor-
ward of Npg/x, ® Npg/x, via Dg — W — S'is locally free and that the adjunction
ql*Ds q‘DS*(NDS/X1 ®Npg/x,) = Nps/x, ® Npg/x, is an isomorphism (this can be
checked on the local models of W — S described in [Li01]). Then the canonical
log structure N/ of W on S (see section 2) has a locally free sublog structure
corresponding to Dg given by (N, e — (g, «(Npg/x, ® Npg/x,),t)), where t =0,
since again the divisor persists.

B. Gluing the logarithmic maps. Suppose now that we have two families f; :
C; — X1 and f3 : Cy — X5 over S in Mi?lg(Z/{/B)Sim and M?E(U/B)N respectively.
On the level of schemes, the problem has a unique gluing to a family

CzC’lUwiC’g—f>W:X1UDSX2

S S

The map however is not a log map at the moment. To promote it to one, we
must correct the log structure on S. Any log structure Mg on S that makes
simultaneously W and C log smooth over S must receive maps from both canonical
log structures N¢/5 and NW/S. Furthermore, if o is the contact order of f at z;,
the map C — W at x; must, at the level of log structures, have the form

Mg &y N? —— Mg @y N?
€1 — oy eq
€9 > ;€9.

Here, in the two pushouts, the map N — Mg is the map determined from the maps
NW/S 5 Mg and N¢/9 — Mg as the image of the generator corresponding to
Ds C W and z; C C respectively. The map N — N? is the diagonal in both cases.
Consequently, the image mp of the part of the log structure N"/S corresponding
to Dg in Mg must be identified with «; times the image m; of the part of the
log structure N¢/9 corresponding to z; in Mg. We claim there is a log structure
Ng on S with a unique map Ng — Mg, i.e., an initial log structure that makes
f into a logarithmic stable map or, in other words, a minimal one (Definition
22). To see this, note that the maps f1, fo restricted to x; give isomorphisms

fiNpg/x, = Ng%%w1 and f3Npg, x, = NE?&Q. Hence, pushing forward to S, we
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get isomorphisms
(P11.,)+(fi (Npg/x,)) @ (P21,)«(f3(NDg/x,)) = (P11, )« Ny 56, @ (P21, )« N 56, -
Since p; and ps restricted to x; are isomorphisms, the notation can be simplified to
(7) fi(Npgyx,) @ f3(Npg/x,) = (Nayjoy @ Neyjoy) ¥
On the other hand, recall that ql*DS q‘DS*(NDS/X1 ® Npg/x,) = Npg/x, ® Npg/x,
(section 5.3.A). Since g o f; and g o f; restricted to x; are equal to py),, and pa,,
respectively we get simply that
(8) G5+ (NDg/x, @ Npg/x,) = (Nuy oy @ Nuyye,) o
Therefore, if Ng is defined by
Ng =N*&® N/N(aze; — e)
€; ((Nmi/cl ® Nmi/cz)vo)
e— (q\DS*(NDS/Xl ® NDS/X2)7 0)

we see that there is a unique map Ng — Mg which sends e; to m; and e to mp.
This does not solve the problem still, as to produce a family in Mif)g (U/B), the
log structure on the base must have characteristic N. In fact, the issue is simply
that Ng is not a sheaf of saturated monoids. Saturating indeed gives Wssat = Nand
corresponds to adding a generator ¢’ such that e = de’, e; = [;¢/, with d = L.e.m(«;),

l; = ai On the level of log structures (not just characteristics), consider the
diagram
(9) BGry,

lfs(ai)

Here BG,, is viewed as the substack of A! parametrizing pairs of line bundles
with the zero section and 0(«;) is the morphism which, over a scheme S, sends a
k-tuple of pairs of line bundles with their zero sections (L;,0) to (L2*",0) and A

(2
the diagonal morphism. We then have a morphism to the fiber product

MEEU/BY™ x pe MEEU/B)™ = BGE, x per BGpy,
which sends the data of the two maps to the collection
((Na, /01 ® Ny, ey, 005y, 4ps+(NDg/x; ® Npg/x,),0)
and isomorphism (). Then, saturating Ng is equivalent to taking the fiber product

Mr, 1, b MEBU/BY™™ x pr MES(U/B)™
BGyp, BGE, X pgi BGy,

(L1, g, d)

Lemma 5.2. The morphism p12 : Mr, r, — /\/lllflg(l/{/B)Sim X Dk M?E(U/B)N is

Hf:1 @i
BRI

finite étale and surjective of pure degree



LOCALIZATION FOR LOGARITHMIC STABLE MAPS 105

Proof. The lower arrow of the above cartesian square factors as

(l1, 5k, 1) (1,++,1,d)
—_— —_

BG,, BGF, X BG,, BGF, X  BG,,

8(cvi),BGE, ,dA 8(cvi),BGE A

m? m?

where dA sends a pair of a line bundle with its zero section (L,0) to k copies
of (L®4 0). The second morphism is base change from the d-th power morphism

BG,, 4, BG,,, hence a gerbe banded by pg. The first one is a Hle e, -tOTSOT;
indeed an S-point of the fiber product in the middle corresponds to line bundles
N;,L,i=1,...,k on S with isomorphisms ¢, : N — L®4. Then the pullback of
(l4,--+ Ik, 1) via S is equivalent to the fibered category associated to the functor
on S-schemes that sends T'— S to k-tuples of isomorphisms N;|p & L\?li whose
a;-th power is ¢;|7.

C. Gluing the forgetful morphisms. Recall that there exist forgetful mor-
phisms 75 : M (U/BI™ — MB™™ = M5 x X and 7 ME(U/B)Y —
MB™ = E)ﬁ:;g’w 4 Xroa (B™)*™. There exists an analogous forgetful morphism
from Mr, 1, to a stack MB®, to be defined below, whose objects are obtained

by appropriately gluing the objects of MB*™ and MB™. To be more precise, we
define a stack MB’ via the fiber product

MB MBS™ x MB™
BG?, x pgx, BGy, ) BGF, x BG,

where BGF, x gk, BGp, 1s given by diagram @) above. To define the right ver-
tical arrow we glue the underlying scheme data of curves and targets of a pair
of elements in MB*™ and MB™ over S canonically along their k sections and
common distinguished divisor respectively. With notation as above, let the re-
sulting glued pair have underlying scheme data (C1, {z;}¥_,, Ds C X; — S) and
(Co, {z;}F_y, Ds C Xa — S); write pg Dg — S for the glued family of divisors.
Then we map the glued pair to

{((Nmi/cl ® N:I?i/C2)aiv 0)?:15 (qlos*(NDs/X1 ® NDS/X2)’ 0)}

Then MB’, over a scheme S, parametrizes pairs of elements of MB*™ and MB”,
together with isomorphisms

Vi : (Nayyey @ Nuyyoy)™50) = (454« (Npg/x, ® Npg/x,),0).

Now the morphism Mi?lg(U/B)Sim X pi Mif’f(u/B)N — MB™ x MB™ factors
through MB’. Indeed, this follows from isomorphism (&), which was obtained as
soon as the underlying maps were glued.

All in all, there is a stack MB®', which, over a scheme S, parametrizes

e a pair of elements of MB*™ and MB™, with isomorphisms
1/’1‘ : ((Nall/cl ®N$i/02)ai70) — (Q|DS*(NDS/X1 ®NDS/X2)aO)7i = 15 .. aka

e aline bundle L on S such that L = q|DS*(NDS/X1 ®Npg/x,), and isomor-
phisms ¢; : (N, /¢, ® Ny, /¢y, 0) = (L', 0) such that ¢ = ;i =1,..., k.
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Concretely, we have a diagram

Mr, 1, MPEU/B)™ x pe MPE(U/B)™

l |

MB# MB
k
BGm Ui ied) B(Gm XB(G% B(Gm
Here, the map (ly,---,lg,d) is precisely as in the previous section. The map

MB' — BGF, % pgk BGy, sends a pair of elements of MB*™ and MB™ over S,
together with the isomorphisms v); defined above, to

{(Nx,-/Cl ®in/C270)a (Q|DS*(NDS/X1 ®NDS/X2)aO)7¢i)}7i = 15 .- -ak'

Consequently, the composed map ./\/lif)lg(U/B)Sim X phk M}f)f(Z/{/B)N — BG}, X gt
BG,, is the one considered in the previous section as well. From the fact that the
bottom square in the diagram is cartesian, we conclude that MB®' is algebraic and

k
X o
the map MB8 — MPB' is étale of pure degree %
square is cartesian, the top square is also cartesian.
Now let Aut(I';,I'3) be the group of automorphisms of the partition &, that is,
the number of bijections ¢ : [k] — [k] with ag;) = a4, and consider its natural
action on Mr, r,. We then have a canonical identification

MF1,F2
Aut(I‘l, PQ)

of the fixed locus Fp, r, with the quotient stack of Mp, r, by the (finite) group
Aut(T1,T3) in the sense of [Rom05]. Finally, Aut(I'1,T'2) also acts naturally on
MB, and, what is more, the image MBr, r, of the fixed locus Fr, r, in MB can

MBE!

Aut(Fl, Fg)
quotient map. We then have a cartesian diagram

. Furthermore, since the big

FFI;F2 = |:

be canonically identified with . Let qi2 : Mr, r, — Fr, r, be the

q12

(10) Mr, r, — Fr, r,

L

MBgl ——— MBFl,Fz

We thus have a description of the fixed loci in terms of known stacks. What is
not a priori clear is the relation between the natural obstruction theory induced
on Fr,r, by the obstruction theory of Mi?g(Z/I/B) and those of the two factors

MPEU/BY ™, MEEU/B)™.

D. Comparison of obstruction theories. Let us denote by 7}1 and ’7}2 the

tangent and obstruction space of Mlli)g(l/{ /B) at a point f, as in Lemma 1] and
by 7;1]0,7;270 the tangent and obstruction spaces of the two component maps f;.
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Lemma 5.3. At the point f € Fr, r, we have the equality
k
Tp =T =Tip + Tog = Tip = Tog, — (Tn)* + H(Npjx @ Npjy)
in K-theory.
Proof. Denote by y1,---,y; the nodes connecting C; with Cos, that is, the nodes
over D = D[0]. Then yi,- -,y become marked points in C,Cy. We denote each
of the two markings on C; and Cs respectively over the node y; by the same symbol
for ease of notation. Let g =mwo f: C — W — X be the composition of f with
the contraction W — X, and let g; = 7w o f;. By Lemmas [£.1] and combined we
have that the fibers of 71, 72 fit into the six-term exact sequence
0 — aut(r(f)) = H(g*T%) — T} — Def(7(f)) = H (g"T®) — TF — 0.

We have two similar six-term exact sequences for f; with C replaced by C; and
g by g; and T replaced by 7 for fo. Write & for the vector of all marked points on
C, as in Corollary above, and (S;,y1,- -+ ,yk) for the vector of marked points in
C;. Observe that

uu’c(C, f) = aut(ch Slu Y1, >yk) @ Clut(CQ, Y1, 5 Yk, S2)

-vector fields that vanish on the nodes and marked points of C' are simply vector
fields that vanish on the nodes and marked points of C; and Cy and the nodes
connecting the two. Furthermore,

autg(W) = autp~(Y),
and thus

aut(r(f)) = aut(7(f1)) © awt(r™(f2))-

Similarly, from the local-to-global sequence (6) we have an equality in K-theory

Eth(Qc(Z x;),O0¢) :Eth(ch (Z S14+y1+--yk), Oc,)

@ Ext!(Qc, (Z yi + Z S2),Oc,)
k

EB T,,C1 @ T,,Co.
i=1
On the other hand, we have by Corollary 1] that Def(r(f)) differs in K-
theory from Ext'(Qc(3>2;),0c) by replacing @, e over D] T,C: @ T,C? with
HO(NDM/X[Z-,H ® Nppij/xp)- All nodes of C persist as nodes over some target
node in C; and C5, except precisely the nodes over D, as D is not a target node
for either f; or fo. Therefore,

Def((f)) = Def((f1)) ® Def(r™(f2)) ® H*(Npjx ® Np;y).
It remains to analyze the relative deformations and obstructions of f given by
the cohomology groups H* (g*T}?g). We have the normalization sequence
k
0= Oc — O¢, ®Oc, %@Oyi — 0.
i=1
By [Kat96, Example 10.2] and [Grolll, Example 3.31], the log tangent bundle
Tx (—log D) fits into the short exact sequence

0= Tx(=logD) = Tx = Np;x =0
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and thus coincides at a point of D with the tangent space at that point in D.
Therefore, twisting the normalization sequence by g* )1?g and taking cohomology

we get
0 — H(g"Tx®) — HO(gi Tx®) ® HO(g3Tx*) — (Tp)*
— H'(g"Tx®) — H' (giTx®) & H' (g5Tx*®) — 0.

Therefore, the difference between HO(g*Th0%) — H' (g*T®) and Y HO(g:T®) —
H 1(g;‘T)l?g) is precisely (Tp)*. Putting everything together yields the lemma. [

From the above lemma it follows that in K-theory the pullbacks of the (virtual)
sheaves 7! — 72 and Y. T;' — 7,2 to My, r, differ by two bundles: the first is
the bundle with fiber (Tp)*, which may be identified with the pullback of the
tangent bundle (Tp)* under the evaluation map Mr, r, — Mllflg(U/B)Sim X ph
M?E(U/B)N — D*; the second one is the bundle with fiber H*(Np,x ® Npy).
This is the line bundle £ that parametrizes deformations of the node D; it may
be identified with the pullback of pj(£1) ® p5(L2) to Mr, r,, where p; and po
are the projections of Mi?lg(Z/{/B)Sim X Dk Mi?f(Z/{/B)N to the two factors, and L;
are the respective similar bundles. Note that £; is a trivial bundle with non-
trivial action, while L5 is a non-trivial bundle with trivial action. All the above
sheaves on Mr, r, descend to Fr, r,; we will denote the sheaves descended from
them by the same symbol. To keep consistent with existing literature, we write
el'(Ly) =%, el (Ly) = —%. We then obtain:

Corollary 5.3. If F = Fr, r, and Nr, = (T{! — T$)™, we have

vir w—1p
TN = TN ) (),
Proof. Lemma [B.3 implies that Ni* = (71 — 72)™ differs from the sum of the
(T* = 7)™ only by the bundle £, since T has trivial action. Furthermore, since

the torus action on Mi?zg (U/B)™ is trivial, the bundles TQj have no moving part. [

The perfect obstruction theory of the fixed locus Fr, r, is by definition ob-
tained by restriction from the torus fixed part of the perfect obstruction theory of
MPE(U/B) relative to MB discussed in section 4. Recall that the image MBr, r,
of Fr, r, in MB was identified with the étale quotient of the stack MB# by the
group Aut(T';,T'2) (section 5.3.C). Now note that the relative cotangent complex of
MBr, 1, in MB has trivial torus-fixed part: the torus action on the deformation
space of the k nodes and the divisor obtained from gluing the objects in MB*™
and MB™ only has trivial fixed locus. Therefore Fr, r, has a perfect obstruc-
tion theory relative to its image, which yields the same virtual fundamental class
[Fr,.r,]""". Consequently, in view of the cartesian diagram (), we may pull back
the above obstruction theory via the étale quotient map ¢i2 : Mr, r, = Fr, r, to
obtain a perfect obstruction theory for Mr, r, relative to MB#" and thus a virtual
fundamental class [Mr, 1,]"'". Now, by [Cos06, Theorem 5.0.1], we have

(11) QIQ*[MFLFJVH = ‘ Aut(rlv FQ)'[FFth]Vir'
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We have the following cartesian diagram

(12)  MPEU/BY™ x pi MpE(U/B)™ —— MPEU/B)™ x MiEU/B)™
Dk < D2k

Now let p1a : Mp, 1, — Mif’lg(U/B)Sim X pk M?E(U/B)N be the morphism
defined right before Lemma [5.2l Putting everything together, we obtain

Theorem 5.1 (Log Virtual Localization).
[MEEU/B)™ = [MPEU/B)™ ™

FEQ/BY  IMZEU/B))

Z Q12,122 ([
IR |AUt(F17F2)|(wTw)eT(NF1)

In the statement of the theorem the symbols q12,, piy, and A' denote the proper
pushforward, flat, and Gysin pullback operations, respectively, on the Chow groups
of the corresponding Deligne-Mumford stacks (see [Vis89]).

Proof. 1t is enough to show that
[MFI’F2]VII — p12A ([MIOg(Z/{/B)Sim]Vir [ log(u/B) }Vir)'

Then the theorem will follow immediately from equality (1)) and Lemma

First, we claim that Mr, , has a perfect obstruction theory relative to MB*™ x
MB™, which yields the same virtual fundamental class [Mr, r,]''" as its per-
fect obstruction theory relative to MB®' discussed above. The reason is that
the relative cotangent complex of MBS over MBS™ x MB™ has trivial torus-
fixed part. Indeed, since MB® is étale over MB', it suffices to consider the
action of C* on the cotangent bundle of the fibers of MB' — MB™™ x MB”.
In the notation of section 5.3.C, consider an element of MB'(C) with underly-
ing scheme data (Cy,{z;},D C X) and (Cy,{z;},D C Y) and isomorphisms
P; (Nmi/cl & Nzi/c,z)ai — QD*(ND/X &® ND/y) =C,i¢=1,...,k. Then an
element ¢ € C* acts on 9; by multiplying them by ¢, so its C*-action on the cotan-
gent bundle of Isom((Ng, ¢, ® Ng,/c,)*,4p«(Np/x ® Np,y)) is non-trivial.

We have a commutative diagram

Mr, r, e MEEU/B)S™ x MU /B)™

m {4@72”1,7_/\4)

MBsim % MBN

where 72 is the composite morphism Mr, r, — MBI — MB™ x MBS psim o~
the forgetful morphisms, and v the morphism defined in diagram (I2). By the
previous paragraph and the proof of Lemma [5.3] the deformation and obstruction
spaces of the map f € Mr, r, and its component maps (fi, f2) € /\/llog(b{/l”)’)Sim X

M8 %(U/B)~, over the same point in MBS™ x MB™, differ by the term T%. In the
formahsm of Manolache [Man12l Definition 4.5], this is equivalent to the statement
that the perfect obstruction theories of 715 and (75™,7~) together with the trivial
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obstruction theory of v o pia, given by its relative cotangent complex Lyop,, =
p*{2ev*T§, form a compatible triple. Clearly v o p1s is of Deligne-Mumford type,
and the same argument as in [AMWI2, Lemma 4.2.1] shows that (75 7~) is
also of Deligne-Mumford type. Then, using [Manl12] Lemma 4.9], we deduce that
[Mr, r,]V'" is the virtual pullback of [/\/llog(I/{/ZS’)S”“]"llr X [./\/llog(lj{/B)N]"ir ([Man12,
Definition 3.7]]) with respect to Lyop,,, which, in our case, is simply its Gysin
pullback via A followed by the flat pullback pj, (see Remarks 3.9 and 3.10 in
[Man12]). O

In section 2, we discussed the finite morphism 7 : MPE(U/B) — Mrp(X, D)
from the moduli space of log stable maps to the moduli space of relative stable
maps. In the paper [AMW12] it is shown that the pushforward of the virtual
fundamental class of /\/llog (U/B) under 7 coincides with the virtual fundamental
class of Jun Li’s space. We may modify these results to include the maps 75™

MEEU/B¥™ — ME™(X, D) = ME™ and 7~ : ME(U/B)~ — M, with the
appropriate modifications of the spaces in the setting of relative stable maps as
targets. Then, applying 7, to both sides of the equation in Theorem 5.1 yields the
relative virtual localization theorem of Graber-Vakil.

Corollary 5.4. The log virtual localization formula becomes the relative virtual
localization formula under the functor m,.

Proof. First, note that the fixed locus FHIQ of Li’s space corresponding to the
splitting data (I'y,Tg) is identiﬁed as the quotient stack of MSim X pr MF, by
Aut(['1,T9) [GVO05, page 13]; let ¢i4 be the quotient map. Then we have a commu-
tative diagram

Mr, 1, e r,r,
Plzl
MPEU/BY ™ x pe MPE(U/B)™ x
7"12l
o M, — S B

where 719 is the finite map induced by 7%™ and #~. Therefore, the effect of =,
on the numerators appearing on the right-hand side of the formula is the same as
the effect of ¢l m12.p12, on pio A (IMPEU/B)S ]V x [ME(U/B)~]'"). By the

projection formula and Lemma 5.2 we have

P12, 5 A (MU /B x [MPE(U/B)™ )

= Lt vty o (viez ).
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Now, we have the cartesian diagram

MEEU/B)™ x pe MEE(U/B)™ ——= MPEU/B)*™ x MZE(U/B)™

sim ~ 51m
ME™ X e My, x MF,

over A : D¥ — D?*. Therefore, by [Vis89, Theorem 3.12] and the results of
[AMW12], we get

T AN (MEE QBT X MIEEU/B) ) = A MG X M, ™,

which, in turn, after applying gi22" gives | Aut(I'y, T2)|[F{ 1, ]Y" by [GV05, Lemma
3.2].

So what remains is to analyze the Euler classes appearing in the denominators
of the formula. The term e’ (Nr) does not change under , as it is the Euler
class of the virtual normal bundle of a fixed locus inside the simple locus, and 7
is an isomorphism over the simple locus. On the other hand, let L be the line
bundle in My (X, D) parametrizing deformations of the node; its fiber at a point is
HO(C, Np/x ®Npy). We denote the Euler class of L by w—1), as in [GV05]. Note
that over a fixed locus Fr, r,, the pullback 7*(L) = £%, where L is the line bundle
of M*8(U/B) with fiber H°(Np,x®Np y) parametrizing deformations of the node
D, which is the d-th root of D. We thus have e (7*L) = de™ (L) = d(%), which
justifies the choice of notation for e?'(L£).

Summing over all I', 'y gives precisely the relative virtual localization formula
of [GV035]. O
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