PROPERNESS FOR SCALED GAUGED MAPS

EDUARDO GONZALEZ, PABLO SOLIS, AND CHRIS T. WOODWARD

ABSTRACT. We prove properness of moduli stacks of gauged maps satis-
fying a stability condition introduced by Mundet [40], Schmitt [46] and
Ziltener [57]. The proof combines a git construction of Schmitt [46],
properness for twisted stable maps by Abramovich-Vistoli [1], a varia-
tion of a boundedness argument due to Ciocan-Fontanine-Kim-Maulik
[13], and a removal of singularities for bundles on surfaces in Colliot-
Théléne-Sansuc [14].
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1. INTRODUCTION

The moduli stack of maps from a curve to the stack quotient of a smooth
projective variety by the action of a complex reductive group has a natural
stability condition introduced by Mundet in [40] and investigated further in
Schmitt [46, 47]; the condition generalizes stability for bundles over a curve
introduced by Mumford, Narasimhan-Seshadri and Ramanathan [45]. In an
earlier paper [24] the first and third authors used the moduli of Mundet-
stable maps to give a formula that relates the genus zero gauged Gromov-
Witten invariants and Gromov-Witten invariants of the git quotient of a
smooth projective variety with reductive group action, termed a quantum
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analog of Witten’s localization theorem. The proof of the formula depended
on the properness of the stack. This properness was proved via symplectic
geometry and results of Ziltener [57] and Ott [43]. In this paper we give
a purely algebraic proof of properness via the valuative criterion for stacks
[37, Chapter 7].

The stability condition for maps to quotient stacks combines several sta-
bility conditions already present in the literature, and leads to a notion of
gauged Gromov-Witten invariant. Let X be a smooth projective G-variety
such that the semi-stable locus is equal to the stable locus, and X/G the quo-
tient stack. By definition a map from a curve C' to X/G is a pair that consists
of a bundle P — C and a section u of the associated bundle P xo X — C.
We denote by 7 : X/G — pt /G =: BG the projection to the classifying
space. In case X is a point, a stability condition for Hom(C, X/G), bun-
dles on C, was introduced by Ramanathan [45]. A stability condition that
combines bundle and target stability was introduced by Mundet [40]. There

is a compactified moduli stack MS(C, X,d) whose open locus consists of
Mundet semistable maps of class d € HS (X, Z) with markings:

C—S8, v:C—X/G, (z1,...,2n):5 — C" distinct.

The compactification uses the notion of Kontsevich stability for maps [53],
[54], [55]. The stack admits evaluation maps to the quotient stack

ev: MC(C,X,d) — (X/G)", (C,Pu,z)— (2iP,uocz).

In addition, assuming stable=semistable there is a virtual fundamental class
constructed via the machinery of Behrend-Fantechi [6].

Let QH (X)) denote the formal completion of QHg(X) at 0. The gauged
Gromov- Witten trace is the map

— d
(1) 7¢:QHL(X) — AY, aHZq'/ evi(a,...,a).
M ex)

The derivatives of the potential will be called gauged Gromov-Witten in-
variants. For toric varieties, the potential T)C(; already appears in Givental
[23] and Lian-Liu-Yau [32] under the name of quasimap potential.! In those
papers (following earlier work of Morrison-Plesser [38]) the gauged potential
is explicitly computed in the toric case, and questions about Gromov-Witten
invariants of toric varieties or complete intersections therein reduced to a
computation of quasimap invariants. We wish re-prove and extend the re-
sults of those papers in a uniform and geometric way that extends to quan-
tum K-theory and non-abelian quotients and does not use any assumption
such as the existence of a torus action with isolated fixed points. The split-
ting axiom for the gauged invariants is somewhat different than the usual
splitting axiom in Gromov-Witten theory: the potential Tg is a non-linear

lWe are simplifying things a bit for the sake of exposition; actually the quasimap
potentials in those papers involve an additional determinant line bundle in the integrals.
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version of a trace on the Frobenius manifold QHg(X). Note that there
are several other notions of gauged Gromov-Witten invariants, for example,
Ciocan-Fontanine-Kim-Maulik [13], Frenkel-Teleman-Tolland [20], as well as
a growing body of work on gauged Gromov-Witten theory with potential
51], [19].

The gauged Gromov-Witten invariants so defined are closely related to,
but different from in general, the Gromov-Witten invariants of the stack-
theoretic geometric invariant theory quotient. The stack of marked maps to
the git quotient

v:C = X)G, (z1,...,2,) € C" distinct
is compactified by the graph space

My (C,X)|G,d) := My, (C x X)/G,(1,d))

the moduli stack of stable maps to C' x X//G of class (1, d); in case X//G is
an orbifold the domain is allowed to have orbifold structures at the nodes
and markings as in [11], [2]. The stack admits evaluation maps

ev: My (C, X//G,d) = (Zx)e)"

where TX//G is the rigidified inertia stack of X//G. The graph trace is the
map

d
— I q N
TX//G:QHCX(X//G)—)A ., o / evi(a,...,a)
HZ(; nl SR c.xp6.0)

and where the equivariant parameter for the C*-action is interpreted as a
1p-class at the corresponding marking. The relationship between the graph
Gromov-Witten invariants of X /G and Gromov-Witten invariants arising
from stable maps to X//G in the toric case is studied in [23], [32], and other
papers.

The goal of this paper is to construct, using only algebraic geometry, a
proper algebraic cobordism between the moduli stack of Mundet semistable
maps and the moduli stack of stable maps to the git quotient with corrections
coming from “affine gauged maps”. Affine gauged maps are maps

v:P' = X/G, u(c0) € X¥/G, z1,...,2, € P! — {00} distinct

where oo = [0,1] € P! is the point “at infinity”, modulo affine automor-
phisms, that is, automorphisms of P! which preserve the standard affine
structure on P! — {0}. Denote by ﬂf 1(A, X) the compactified moduli
stack of such affine gauged maps to X; we use the notation A to emphasize
that the equivalence only uses affine automorphisms of the domains. A table
with the different kinds of stable maps to quotients stacks is presented in
Section 12. Evaluation at the markings defines a morphism

ev X €V :ﬂil(A,X, d) — (X/G)" x TX//G'
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In the case d = 0, the moduli stack Mﬁl(A, X, d) is isomorphic to fX//G via
evaluation at infinity. The quantum Kirwan map is the map

K§ 1 QHg(X) — QHex (X)/G)

defined as follows. Let eveoq : WS(A,X, d) — Ixjc be evaluation at
infinity restricted to affine gauged maps, and

7G J—
Voo H(M,, (A, X, d)) g AS — He(Txya) ®o AS

push-forward using the virtual fundamental class. The quantum Kirwan
map is

/\ d
w$ : QHG(X) = QHex (X)/G), ars % Voods eV (0, ..., ).
nd

As a formal map each term in the Taylor series of Ii)G( is well-defined on
QHg(X), but in general the sum of terms may have convergence issues.
The ¢ = 0 specialization of mg’( is the Kirwan map to the cohomology of a
git quotient studied in [29].

The cobordism relating stable maps to the quotient with Mundet semistable
maps is itself a moduli stack of gauged maps with scaling defined by allowing
the linearization to tend towards infinity. In order to determine which sta-
bility condition to use, the source curves must be equipped with additional
data of a scaling: a section

6:C—P (wé/(CxS) @Oé)

of the projectivized relative dualizing sheaf. If the section is finite, one uses
the Mundet semistability condition, while if infinite one uses the stability
condition on the target. The possibility of constructing a cobordism in this
way was suggested by a symplectic argument of Gaio-Salamon [22]. A scaled
gauged map is a map to the quotient stack whose domain is a curve equipped
with a section of the projectivized dualizing sheaf and a collection of distinct
markings: A datum

C— 8, U:C’—>CXX/G, 5:C’—>IP(wé/(CXs)€BOé), 21,...,2n €C

where C' — S is a nodal curve of genus g = genus C, v = (P, u) is a morphism
to the quotient stack X/G that consists of a principal G-bundle P — C and
amap u: C = P xg X of whose class projects to [C] € Hy(C), and ¢
is a section of the projectivization of the relative dualizing sheaf wg /(CxS)
satisfying certain properties. In the case that X //G is an orbifold, the domain
C is allowed to have orbifold singularities at the nodes and markings and
the morphism is required to be representable. The moduli stack of stable

scaled gauged maps WTGL 1(C, X, d) with n markings and class d € H§ (X, Q)
is equipped with a forgetful map

p: mil(chud) — Moy & P!, [C’,u,&,g] — 0.
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The fibers of p over zero 0,00 € P! consist of either Mundet semistable
gauged maps, in the case § = 0, or stable maps to the git quotient together
with affine gauged maps, in the case § = oo: In notation,

_ —G _
2) p H0) =M, (C,X,d), p (o) = U U
do+...+dr=d LU..Ul,={1,....,n}

——fr : -—G r
Mg (Cx X[IG, (1,d0)) Xz, , oy | [ Mipy 2 (A X dg) | /(C)
j=1

where the superscipt fr indicates the inclusion of framings at the tangent
spaces to the markings, (C*)" acts diagonally on the framings and on the
scalings, and we identify Ho(X//G) as a subspace of HS'(X) via the inclu-
sion X//G C X/G. The properness of these moduli stacks was argued via
symplectic geometry in [54]. The advantage of the symplectic proof is that
the compactness is somewhat more natural; it follows by a combination of
Gromov and Uhlenbeck compactness theorems as in Ott [43] and also ap-
plies in the presence of Lagrangian boundary conditions as in Xu [56], for an
arbitrary symplectic manifold. However, in the setting of virtual fundamen-
tal classes constructed algebraically, one prefers to stay in the framework of
algebraic geometry. This is especially true in a subsequent paper of the first
and third authors in which we extend the results to quantum K-theory, and
in particular give presentations of the quantum K-theory ring of toric stacks;
the definition of quantum K-theory is at the moment heavily algebraic, and
there is no known definition purely in terms of symplectic geometry. Also,
it is good to have several proofs. In this paper we give an algebraic proof of
the following:

Theorem 1.1. For any real E > 0, the union of components Mil(c, X,d),
HS(C, X,d), and ﬂil(A,X, d) with (d,c§ (X)) < E is proper.

The proof is a combination of boundedness arguments and valuative crite-
ria. By integration over the moduli stack of stable scaled gauged maps one
obtains the following identity: Let T)C;’k denote the gauged potential of (1)
defined using the polarization X* for k a positive integer.

. Gk
(3) klg{)lo X =Tx)G© kS

This is called in [22] and [53] the adiabatic limit theorem.

2. SCALED CURVES

Scaled curves are curves with a section of the projectivized dualizing
sheaf incorporated, intended to give complex analogs of spaces introduced
by Stasheff [48] such as the multiplihedron, cyclohedron etc. Recall from
Deligne-Mumford [17] and Behrend-Manin [7, Definition 2.1] the definition
of stable and prestable curves. A prestable curve over the scheme S is a
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flat proper morphism 7 : C — S of schemes such that the geometric fibers
of m are reduced, connected, one-dimensional and have at most ordinary
double points (nodes) as singularities. A marked prestable curve over S is a
prestable curve 7 : C' — S equipped with a tuple z = (z1,...,2,) : S = C"
of distinct non-singular sections. A morphism p : C' — D of prestable curves
over S is an S-morphism of schemes, such that for every geometric point s
of S we have (a) if 1 is the generic point of an irreducible component of Dy,
then the fiber of ps over 7 is a finite n-scheme of degree at most one, (b) if
(' is the normalization of an irreducible component of Cy, then ps(C’) is a
single point only if C” is rational. A prestable curve is stable if it has finitely
many automorphisms. Denote by Mg,n the proper Deligne-Mumford stack
of stable curves of genus g with n markings [17]. The stack ﬁgm of prestable
curves of genus g with n markings is an Artin stack locally of finite type [5,
Proposition 2].

z2

z3

20 Z0

FIGURE 1. Associativity divisor relation

The following constructions give complex analogs of the spaces constructed
in Stasheff [48]. For any family of possibly nodal curves C' — S we denote by
we the relative dualizing sheaf defined for example in Arbarello-Cornalba-
Griffiths [4, p. 97]. Similarly for any morphism C — C we denote by Wer o

the relative dualizing sheaf and P(w /o ® Op) — C the projectivization. A
scaling is a section

5:C = Plwgc®0p), Plug,o®O0p) = (weye ® O0p)*/C*.
If C — C is an isomorphism then We e is trivial:
(C=0) = (Pwg)o®Op) =C xPh).

In this case a scaling § is a section C' — P!, and 4 is required to be constant.
Thus the space of scalings on an unmarked, irreducible curve is P!.
Scalings on nodal curves with markings are required to satisfy the follow-
ing properties. First, § should satisfy the affinization property that on any
component C; of C on which § is finite and non-zero, § has no zeroes and a
single double pole. In particular, this implies that in the case C~C , then
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0 is a constant section as in the last paragraph, while on any component C;
of C' with finite non-zero scaling which maps to a point in C, § defines an
affine structure on the complement of the pole. To define the second prop-
erty, note that any morphism C' — C of class [C] defines a rooted tree whose
vertices are components C; of C’, whose edges are nodes w; € C’, and whose
root vertex is the vertex corresponding to the component Cy that maps iso-
morphically to C'. Let 7 denote the set of indices of terminal components
C; that meet only one other component of C:

T={i|#{j #ilC;nC; #0} =1}

as in Figure 2. The bubble components are the components of C mapping
to a point in C. For each terminal component C;,7 € T there is a canonical

z3 z4

26

22 27

FIGURE 2. A scaled marked curve

non-self-crossing path of components C’i,o =y, ... ,C‘i,k(i) = (. Define a
partial order on components by ém = éz',k for j < k. The monotonicity
property requires that § is finite and non-zero on at most one of these (gray
shaded) components, say CA'l f(i)» and

. Joo < f(i)
@) 5'0”_{0 j> fli)’

We call C’, f(i) & transition component. That is, the scaling 4 is infinite on the
components before the transition components and zero on the components
after the transition components, in the ordering <. See Figure 2. In addition
the marking condition requires that the scaling is finite at the markings:

0(z;)) <oo, Vi=1,...,n.

Definition 2.1. A prestable scaled curve with target a smooth projective
curve C is a morphism from a prestable map C to C of class [C] equipped
with section § and n markings z = (z1,...,2n) satisfying the affinization,
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monotonicity and marking properties. Isomorphisms of prestable scaled curves
are diagrams

Oy —— Oy
J J s (DQD*)QO*(52) = 51, @(zi,l) = Zi,?a VZ = 1, .o,

ST — 5,
where the top arrow is an isomorphism of prestable curves and
DQO* : QO*P(U)O2/C ® OC'Q) - P(wé1/c ® Oél)

is the associated morphism of projectivized relative dualizing sheaves. A
scaled curve is stable if on each bubble component C;,cC (that is, compo-
nent mapping to a point in C') there are at least three special points (markings
or nodes),

(6]Ci € {0,00}) = #(({z} U{w;})NC;) >3
or the scaling is finite and non-zero and there are least two special points
(61Ci ¢ {0,00}) = #(({z} U{w )N Cy) >2.

Introduce the following notation for moduli spaces. Let 9, 1(C) denote
the category of prestable n-marked scaled curves and M,, 1(C) the subcat-
egory of stable n-marked scaled curves.

The combinatorial type of a prestable marked scaled curve is defined as
follows. Given such (C’ u:C =0z, 0) Let I" be the graph whose vertex set
Vert(I') is the set of irreducible components of C, finite edges Edge_ . (I")
correspond to nodes, semi-infinite edges Edge, (I") correspond to markings,
and equipped with the labelling of semi-infinite edges by {1,...,n} a distin-
guished root vertez vy € Vert(I') corresponding to the root component and a
set of transition vertices Vert'(T') C Vert(T') corresponding to the transition
components. Graphically we represent a combinatorial type as a graph with
transition vertices shaded by grey, and the vertices lying on three levels de-
pending on whether they occur before or after the transition vertices. See
Figure 3. Note that the combinatorial type is functorial; in particular any
automorphism of prestable marked scaled curves induces an automorphism
of the corresponding type, that is, an automorphism of the graph preserving
the additional data.

We note that the graphical representation of the combinatorial type of a
curve can be viewed as the graph of a Morse/height function on the curve.
In general this gives a spider like figure with the root component being the
body of the spider. From this perspective the paths used in the monotonicity
property of scalings are the legs of the spider.

Ezample 2.2. (a) For n = 0, no bubbling is possible and Mg 1(C) is the
projective line, Mg 1(C) = PL.
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FiGure 3. Combinatorial type of a scaled marked curve

(b) For n =1, My,1(C) consists of configurations M 1(C) = C x C with
irreducible domain and finite scaling; a configurations ﬂl,l — My
with one component Co = C with infinite scaling § |C’0, and another
component C4 mapping trivially to C', equipped with a one-form
5]@'1 with a double pole at the node and a marking z; € C’l. Thus
MLl(C) ~ C x PL

(c) For n =2, M21(C) consists of configurations Ms1(C) with two dis-
tinct points z1, 2o € C and a scaling 6 € P'; configurations Mo,
where the two points z1, 2 have come together and bubbled off onto
a curve 21,29 € ¢ with zero scaling 5|C’1, so that Mg, = C % P!
configurations Ms 1 1, with a root component C’O with infinite scaling
0 ]C’o, and two components Cl, C with non-trivial scalings & ]Cl, 0 ]Cg
containing markings z; € C’l, 2o € 02, a stratum Mo, of conﬁg—
urations with a component C1 containing two markings 21,29 € C’1
and \Cl non-zero; a stratum My 1 r, containing with three compo-
nents, one Cj mapping isomorphically to C; one C with two nodes
and a one form §|C} with a double pole at the node attaching to
C’o, and a component Cy with two markings z1, 29 € C’g, a node, and
vanishing scaling § |02, and a stratum a stratum My 1 1, containing
the root component Co, a component C, with infinite scaling with
three nodes, and two components Cs, Cs with finite, non-zero scaling,
each containing a node and a marking. The two evaluation maps at
the markings, together with the forgetful map to M 1(C), define an
isomorphism My 1(C) — C x C x PL,

Remark 2.3. The extension of the one-form in a family of scaled curves may
be explicitly described as follows. On each component of the limit, the one-
form is determined by the limiting behavior of the product of deformation
parameters for the nodes connecting that component to the root component
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of the limit: Let
C— S,90: é—)P(Wé/CXS@Oé),§:S—>C’"

be a family of scaled curves over a punctured curve S S — {oo} and Cug
a curve over oo extending the family C. Let Def(Cy)/Defr(Cy) denote
the deformation space of the curve C normal to the stratum of curves of
the same combinatorial type I' as Cs. This normal deformation space is
canonically identified with the sum of products of cotangent lines at the
nodes

Def(Cy)/ Defp(C, ZTVC ) @ T Ci, ()

where C’Z are components of Cg adJacent to w, see [4, p. 176]. Over the

+(w)
deformation space Def(Cy ) lives a semiversal family, universal if the curve
is stable. Given family of curves C — S as above the curve C is obtained

by pull-back of the semiversal family by a map

S—>ZTV w @ TG, 2 (0u(2))

+(w)»

describing the curves as local deformations (non-uniquely, since the curves
themselves may be only prestable.) Let

Co = Cip,---,Ciyuy) = GCj
denote the path of components from the root component, and
Wi,05 -+ Wil (i)—1 € Coo

the corresponding sequence of nodes. The nodes wj j, w; j41 lie in the same
component Cj ;11 and we have a canonical isomorphism

M ~ .
Tw,-,j Cij1 = Twi,j+10w+1

corresponding to the relation of local coordinates z; = 1/z_ near w; ;.
Deformation parameters for this chain lie in the space

(5) Hom(Tl\U/i,OCA'@(), Tz\u/i,lélﬂ) D HOHI(TV, Ci,ly Tz\iji,zéiﬂ) ce

v R
@ HOm(Tw (i) — 20i7l(i)—27 T’wlyl@)ilc’hl(l)—l)

In particular, the product of deformation parameters

(6> wai,o (Z) et ’Ywi7l(i)_1 (Z) € HOHI(T,IL/Z_’OCYLO, T’l)}/i’l(i)ilé’hl(i)—l)

is well-defined. The product represents the scale at which the bubble com-
ponent C; forms in comparison with Coy = éi,o, that is, the ratio between
the derivatives of local coordinates on C; and Cp. If z is a point in C; then
we also have a canonical isomorphism 77 Ci — T, wi,oéo' The product (6)
gives an isomorphism TV C; — Ty Co.

(7) 01Ci = 1m 6(2) (w0 (2) -+ Va1 (2))
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the ratio of the scale of the bubble component with the parameter 6(z)~!.
This ends the Remark.

One may view a scaled curve with infinite scaling on the root component
as a nodal curve formed from the root component and a collection of bubble
trees as follows.

Definition 2.4. An affine prestable scaled curve consists of a tuple (C, 9, 2)
where C is a connected projective nodal curve, 6 : C — Plwc ® O¢) a
section of the projectivized dualizing sheaf, and z = (2o, . . . , zn) non-singular,
distinct points, such that
(a) & is monotone in the following sense: For each terminal component
C;,i € T there is a canonical non-self-crossing path of components

Ciiy0 = Cos - -+, Ci () = Ci-
The monotonicity condition is for any such non-self-crossing path
of components starting with a root component, that § is finite and
non-zero on at most one of these transition components, say CA'i’f(Z-),
and the scaling is infinite for all components before the transition
component and zero for components after the transition component:

A oo 7 < f(2
5|Ci, — j f(')'
0 Jj>f(i)
(b) § is infinite at zo, and finite at z1,. .., zp.
A prestable affine scaled curve is stable if it has finitely many automor-

phisms, or equivalently, if each component C; C C' has at least three special
points (markings or nodes),

(0]Ci €{0,00}) = #(({zi} U{w;})NCi) =3
or the scaling is finite and non-zero and there are least two special points
(0lCi ¢ {0,00}) = #(({zi} U{w;})NCy) = 2.

We will see below in Theorem 2.5 that scaled marked curves have no
automorphisms. Examples of stable affine scaled curves are shown in Figure
4. Denote the moduli stack of prestable affine scaled curves resp. stable
affine n-marked scaled curves by M, 1(A) resp. My, 1(A).

Theorem 2.5. For each n > 0 and smooth projective curve C' the mod-
uli stack My, 1(C) resp. My, 1(A) of stable scaled affine curves is a proper
scheme locally isomorphic to a product of a number of copies of C with a
toric variety. The stack My, 1(C) resp. My 1(A) of prestable scaled curves
is an Artin stack of locally finite type.

Proof. Standard arguments on imply that M,, 1(C) and 90, 1(C) are stacks,
that is, categories fibered in groupoids satisfying effective descent for objects
and for which morphisms form a sheaf. An object (C, z,d) of M, 1(C) over
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Z3

FIGURE 4. Examples of stable affine scaled curves

a scheme S is a family of curves with sections. Families of curves with mark-
ings and sections satisfy the gluing axioms for objects; similarly morphisms
are determined uniquely by their pull-back under a covering. Standard
results on hom-schemes imply that the diagonal for 97, 1(C), hence also
M, 1(C), is representable, see for example [17, 1.11] for similar arguments,
hence the stacks M, 1 (C') and M, 1(C) are algebraic.

In preparation for showing that M, ;(C) is a variety we claim that for
any object (C, z,8) of the moduli stack M, ;(C) the automorphism group
is trivial. Let I' be the combinatorial type. The association of I' to (C’ ,2,0)
is functorial and any automorphism of (C’, 2,0) induces an automorphism
of I'. The graph I' is a tree with labelled semi-infinite edges, each vertex
is determined uniquely by the partition of semi-infinite edges given by re-
moving the vertex; hence the automorphism acts trivially on the vertices of
I". Each component has at least three special points, or two special points
and a non-trivial scaling and so has trivial automorphism group fixing the
special points. Thus the automorphism is trivial on each component of C.
The claim follows.

The moduli space of stable scaled curves has a canonical covering by
varieties corresponding to the versal deformations of prestable curves con-
structed by gluing. Suppose that (u : C—C,z, §) is an object of M, 1(C)
of combinatorial type I'. Let p : M, 1(C) — Mo,1(C) = P! denote the for-
getful morphism. The locus p~!(C) C My, 1(C) of curves with finite scaling
is isomorphic to M,,(C) x C, where the last factor denotes the scaling. In
the case that the root component has infinite scaling, let I'y,...,I'x denote
the (possibly empty) combinatorial types of the bubble trees attached at the
special points. The stratum M, ; r(C) is the product of C* with moduli
stacks of scaled affine curves M, 1 1,(A) for i = 1,...,k, each isomorphic
to an affine space given by the number of markings and scalings minus the
dimension of the automorphism group (n; +1) + 1 — dim(Aut(P!)) = n; — 1
[35]. Let

Ye € T’L\l)/(e)cl (e) ® Tt\:(e)éi.,_(e)’ S Edge<oo(1_‘)
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be the deformation parameters for the nodes. A collection of deformation
parameters ¥ = (7Ve)ecrdge(r) 1S balanced if the signed product

(8) 11

ecP

of parameters corresponding to any non-self-crossing path P between tran-
sition components is equal to 1, where the sign is positive for edges pointing
towards the root vertex and equal to —1 if the edge is oriented away from
it. Let Zr denote the set of deformation parameters satisfying the condition
(8). Then there is a morphism

./\/lml,r(C) X Zp — ﬂn,l(C)
+

described as follows. Choose local étale coordinates z;- on the adjacent com-
ponents to each node we, € Edge_. (I') and glue together the components
using the identifications z1 + 7./2, see for example [4, p. 176], [42, 2.2].
Set the scaling on the root component

0= H Ve
ecP

where P is a path of nodes from the root component to the transition com-
ponent, independent of the choice of component by (8). This gives a family
(C’, u, 0, z) of stable scaled curves over M,, 1 1(C) x Zr and hence a mor-
phism to M, 1(C). The family (C, z,u,d) defines a universal deformation
of any curve of type I'. Indeed, (C’ ,2z) is a versal deformation of any of its
prestable fibers by [4], and it follows that the family (C, z,u) is a versal de-
formation of any of its fibers since there is a unique extension of the stable
map on the central fiber, up to automorphism. The equation (6) implies that
any family of stable scaled curves satisfies the balanced relation (8) between
the deformation parameters for any family of marked curves with scalings.
This provides a cover of M, 1(C)) by varieties. It follows that M, 1(C) is a
variety.

The stack of prestable scaled curves 9, 1(C) is an Artin stack of locally
finite type. Charts for the stack 91, 1(C), as in the case of prestable curves
in [5], are given by using forgetful morphisms M, 1(C) — M, 1(C). Since
these morphisms admit sections locally, they provide a smooth covering of
M,,.1(C) by varieties.

We check the valuative criterion for properness for M, 1(C). Given a
family of stable scaled marked curves over a punctured curve S with finite
scaling 0

(Cou:C—C,20) = 5=85—{x}
we wish to construct there exists an extension over S. We consider only the
case C' = C x S; the general case is similar. After forgetting the scaling &
and stabilizing we obtain a family of stable maps to C' of degree [C],

(C 0 O — C,2%) = § — {0}
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By properness of the stack M,,(C) of stable maps to C, this family extends
over the central fiber oo to give a family over S. The section & of Wesst /¢
defines an extension over S except possibly at the nodes. Here there are
possible irremovable singularities corresponding to the following situation:
suppose that Cg, ...C; is a chain of components in the curve at the central
fiber, with Co = C the root component. Suppose that CZ, Cz+1 are adjacent
component with § infinite on C; and zero on C,H Taking the closure of
the graph of ¢ gives a family C of curves over C given by replacing some of
the nodes of Cst with fibers of P(west 1c® O ) over the node. The relative

cotangent bundle of C is related to that of C¢ by a twist at Dy, Dso: If
7 : C — C® denotes the projection onto C' then on the components of C
collapsed by m we have

wa/C = W*wCst/C(—DQ - DOO)

where Dg, Do, are the inverse images of the sections at zero and infin-
ity in }P’(wést/c ® Ope ). Abusing notation wéft/c(—Do) = West /o TESD
Wesst /C(—Doo) = West /¢ ON components C5* contained in Dy resp. Doo. The
extension of ¢ to a rational section of 7T*w g e has, by definition a zero at
6§ 1(Dp) and a pole at §~1(Dy,). Hence the extension of § to a section of
T Wt /C(—Do — D) has no zeroes at Dy and a double pole at Dy,. This
implies that 0 extends uniquely as a section of P(wg /o ® Og) to all of S.

By the construction (7), the extension of § satisfies the monotonicity
condition (4). Indeed suppose that a component C; is further away from

a component C in the path of components from the root component Co.
Since all deformatlon parameters 7, , (z) are approaching zero, from (7), at

most one of the limits 6|C;, §|C; can be finite, and
8|C; finite = 8|C; zero
5|C; finite = 4|C; infinite.
The condition (4) follows. O

3. MUMFORD STABILITY

In this section we review the relationship between the stack-theoretic
quotient and Mumford’s geometric invariant theory quotient [39]. First we
introduce various Lie-theoretic notation. Let GG be a connected complex
reductive group with Lie algebra g. When G is abelian (so a complex torus)
we denote by

gz = {D¢(1) € g | $ € Hom(C*,G)}, gg=9z®zQ

the coweight lattice of derivatives of one-parameter subgroups resp. rational
one-parameter subgroups. Dually denote by

g7 = {Dx g’ | x € Hom(G,C")}, gf =07 92Q
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the weight lattice of derivatives of characters of G and the set of rational
weights, respectively. If G is non-abelian then we still denote by gg the set
of derivatives of rational one-parameter subgroups.

The targets of our maps are quotient stacks defined as follows. Let X be
a smooth projective G-variety. Let X/G denote the quotient stack, that is,
the category fibered in groupoids whose fiber over a scheme S has objects
pairs v = (P,u) consisting of a principal G-bundle P — S and a section
u: S — P xXg X; and whose morphisms are given by diagrams

P14¢>P2

{ { , O(X)oup =ugo

SlT'Sz

where ¢(X) : Pi(X) — P2(X) denotes the map of associated fiber bundles
[17], Tag 04UV [16].

Mumford’s geometric invariant theory quotient [39] is traditionally defined
as the projective variety associated to the graded ring of invariant sections
of a linearization of the action in the previous paragraph. Let X - X be a
linearization, that is, ample G-line bundle. Then

X//G = Proj (@QOHO(X’C)G> .

Mumford [39] realizes this projective variety as the quotient of a semistable
locus by an equivalence relation. The semistable locus consists of points = €
X such that some tensor power X* k > 0 of X has an invariant section non-
vanishing at x, while the unstable locus is the complement of the semistable
locus:

XS={zeX|3k>00ecH (XK o)#£0}, X%:.=X-X%

A point x € X is polystable if its orbit is closed in the semistable locus
GrNXss = Gx N X%, A point x € X is stable if it is polystable and the
stabilizer G, of z is finite. In Mumford’s definition the git quotient is the
quotient of the semistable locus by the orbit equivalence relation

(.’L‘l Nl’g) < Tmﬁ@ﬂXSS%@.

Fach semistable point is then orbit-equivalent to a unique polystable point.
However, here we define the git quotient as the stack-theoretic quotient

X/G = X*/G.

We shall always assume that X /G is a Deligne-Mumford stack (that is,
the stabilizers G are finite) in which case the coarse moduli space of X% /G
is the git quotient in Mumford’s sense. The Luna slice theorem [34] implies
that X% /G is étale-locally the quotient of a smooth variety by a finite group,
and so has finite diagonal. By the Keel-Mori theorem [28], explicitly stated
in [15, Theorem 1.1], the morphism from X /G to its coarse moduli space is


http://stacks.math.columbia.edu/tag/04UV
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proper. Since the coarse moduli space of X /G is projective by Mumford’s
construction, it is proper, hence X /G is proper as well.

Later we will need the following observation about the unstable locus. As
the quotient X /G is non-empty, there exists an ample divisor D containing
the unstable locus: take D to be the vanishing locus of any non-zero invariant
section of X* for some k > 0:

(9) D=0"10), oecH'X"Y-{0}.

The Hilbert-Mumford numerical criterion [39, Chapter 2] provides a com-
putational tool to determine the semistable locus: A point x € X is G-
semistable if and only if it is C*-semistable for all one-parameter subgroups
C* — @. Given a rational element A € gz denote the corresponding one-
parameter subgroup C* — G, z — 2. Denote by

)y = lim Az
z2—0

the limit under the one-parameter subgroup. Let u(xz, ) € Z be the weight
of the linearization X at x) defined by

28 = 2M"Nz VzeC¥ e X,,.

By restricting to the case of a projective line one sees that the point x € X is
semistable if and only if u(x, \) < 0 for all A € gz. Polystability is equivalent
to semistability and the additional condition p(z,\) =0 <= p(z,—A) = 0.
Stability is the condition that u(xz, A) < 0 for all A € gz — {0}.

The Hilbert-Mumford numerical criterion [39, Chapter 2] can be applied
explicitly to actions on projective spaces as follows. Suppose that G is a torus
and X = P(V) the projectivization of a vector space V. Let X = Ox(1)®Cy
be the G-equivariant line bundle given by tensoring the hyperplane bundle
Ox (1) and the one-dimensional representation Cy corresponding to some
weight 6 € gy. Recall if p € X is represented by a line I C V' then the fiber
of Ox (1) ® Cy at pis [V ® Cy. In particular if z* fixes p then z* scales [ by
some 2N so that 223 = 2 *NHN gz, Let k = dim(V) and decompose V
into weight spaces Vi, ..., V) with weights yu1,. .., ux € gy. Identify

HEZ(X)=2 H: (V) =2Z @ gy

Under this splitting the first Chern class ¢{'(X) becomes identified up to
positive scalar multiple with the pair

(10) (X)) = (1,0) e Zo gy

The following is essentially [39, Proposition 2.3].

Lemma 3.1. The semistable locus for the action of a torus G on the pro-
jective space X = P(V') with weights p1, ..., ux and linearization shifted by
0 is X35 =P(V)* = {[z1,...,2x) € P(V) | hull({pi|z; # 0}) > 0}. A point
x 1s polystable iff 0 lies in the interior of the hull above, and stable if in
addition the hull is of mazimal dimension.
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Proof. The Hilbert-Mumford weights are computed as follows. For any non-
zero A € gz, let

v(z,\) = miin{—ui()\),a:i #0}.

Then
My, = [Py, 2Ny
N g (@) g
and
(1) £ v, A) = (tim O )
z—0
Let
zy = lim 2z = lim [z4Vg)k | e X
z—0 z—0

Then

- _Jw —p(A) = vz, A)
Ty = [1'/\,17 v 7$A,k]7 Txi = . .
0 otherwise

The Hilbert-Mumford weight is therefore

(11) w(x, N) = vz, \)+ (6, ).

By the Hilbert-Mumford criterion, the point z is semistable if and only if
v(z,\) == min{—u;(\) | z; #0} < (—6,1), VA€ gz — {0}

That is,
(x € X*¥°) <= (0 € hull{y; | =; #0}).

This proves the claim about the semistable locus. To prove the claim about
polystability, note that u(x,\) = 0 = p(x, —A) implies that the minimum
v(z,\) is also the maximum. Thus the only affine linear functions € : g¥ — R
which vanish at 6 are those £ that are constant on the hull of u; with z;
nonzero. This implies that the span of y; with z; non-zero contains 6 in its
relative interior. The stabilizer G, of x has Lie algebra g, the annihilator
of the span of the hull of the p; with x; # 0. So the stabilizer G, is finite
if and only if the span of u; with x; # 0 is of maximal dimension dim(G).
This implies the claim on stability. U

We introduce the following notation. As above G is a connected complex
reductive group with maximal torus 7" and g, t are the Lie algebras of G, T
respectively. Fix an invariant inner product (, ): g x g — C on g inducing
an identification g — gV. By taking a multiple of the basic inner product on
each factor we may assume that the inner product induces an identification
tg — tg. Denote by

-1 9 = Rso,  [I€]:= (£,
the norm with respect to the induced metric.
Next recall the theory of Levi decompositions of parabolic subgroups from
Borel [10, Section 11]. A parabolic subgroup @ of G is one for which G/Q
is complete, or equivalently, containing a maximal solvable subgroup B C
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G. Any parabolic @ admits a Levi decomposition @ = L(Q)U(Q) where
L(Q) denote a maximal reductive subgroup of @ and U(Q) is a maximal
unipotent subgroup. Let [(Q),u(Q) denote the Lie algebras of L(Q),U(Q).
Let g =1t ®a€R(G) go denote the root space decomposition of g, where

R(G) is the set of roots. The Lie algebras [(Q),u(Q) decompose into root
spaces as

1=t® P o, Q) =ta P  ga wQ =09/I(Q)
a€R(Q) a€R(Q)N—R(Q)

where R(Q) C R(G) is the set of roots for [(Q)). Let 3(Q) denote the center
of () and
3+(Q) = {£ €3(Q) [ a(§) =2 0, Va € R(Q)}

the positive chamber on which the roots of ) are non-negative. The Levi
decomposition induces a homomorphism

(12) TQ: Q@ = Q/U(Q) = L(Q).
This homomorphism has the following alternative description as a limit. Let
A € 34(Q) N gg be a positive coweight and
¢r:C* = L(Q), zr 2"
the corresponding central one-parameter subgroup. Then
mq(g) = lim Ad(z")g.

In the case of the general linear group in which the parabolic consists
of block-upper-triangular matrices, this limit projects out the off-block-
diagonal terms.

The unstable locus admits a stratification by maximally destabilizing sub-
groups, as in Hesselink [27], Kirwan [29], and Ness [41]. The stratification
reads

(13) X = U X)\, X)\ =G XQx Y)U Y/\ — Z>\ affine fibers
AeC(X)

where Y, Zy, Qx,C(X) are defined as follows. For each ﬁ)fed point compo-
nent Z, of z* there exist a weight u(\) so z* acts on X|Z) with weight

p(A): i

2z =2Ng, Vi e X|Zy.
The group G /C)X\ acts on Zy and we denote by Z), C Z, the semistable
locus. Define

(14) C(X) = A ety | 32, u(N) = (AN}

using the metric, where t; is the closed positive Weyl chamber. The variety
Y, is the set of points that flow to Z under 2,z — 0:

Y,\:{xEX| ;%zAerA}
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The group @) is the parabolic of group elements that have a limit under
Ad(z}) as z — 0:

_ : A
QA—{geGHll_ri%Ad(z )gec}.

Then Y), is a @Qy-variety; and X is the flow-out of Yy under G. By taking
quotients we obtain a stratification of the quotient stack by locally-closed
substacks
X/G= |J X/G.
AEC(X)
This stratification was used in Teleman [49] to give a formula for the sheaf
cohomology of bundles on the quotient stack.

4. KONTSEVICH STABILITY

In this section we recall the definition of Kontsevich’s moduli stacks of
stable maps [30] as generalized to orbifold quotients by Chen-Ruan [11]
and in the algebraic setting by Abramovich-Graber-Vistoli [2]. Let X be a
smooth projective variety. Recall that a prestable map with target X consists
of a prestable curve C' — S, a morphism v : ¢ — X, and a collection
Z1y--.,2n ¢ S — C of distinct non-singular points called markings. An
automorphism of a prestable map (C,u, z) is an automorphism

p:C—=C, pou=u, @(z)==z, i=1,...,n.
A prestable map (C,u, z) is stable if the number # Aut(C, u, z) of automor-

phisms is finite. For d € H2(X,Z) we denote by M, ,(X,d) the moduli
stack of stable maps (C,u, z) of genus g = genus(C') and class d = v,[C]
with n markings.

The notion of stable map generalizes to orbifolds [11], [2] as follows. These
definitions are needed for the construction of the moduli stack of affine
gauged maps in the case that the git quotient is an orbifold, but not if the
quotient is free. First we recall the notion of twisted curve:

Definition 4.1. (Twisted curves) Let S be a scheme. An n-marked twisted
curve over S is a collection of data (f : C — S,{f; C C}",) such that

(a) (Coarse moduli space) C is a proper stack over S whose geometric
fibers are connected of dimension 1, and such that the coarse moduli
space of C is a nodal curve C over S.

(b) (Markings) The §; C C are closed substacks that are gerbes over S,
and whose images in C are contained in the smooth locus of the
morphism C — S.

(¢) (Automorphisms only at markings and nodes) If C"* C C denotes the
non-special locus given as the complement of the {; and the singular
locus of C — S, then C™® — C' is an open immersion.

(d) (Local form at smooth points) If p — C' is a geometric point mapping
to a smooth point of C, then there exists an integerr, equal to 1 unless
p is in the image of some I;, an étale neighborhood Spec(R) — C' of
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p and an étale morphism Spec(R) — Specg(Og|x]) such that the
pull-back C X Spec(R) is isomorphic to Spec(R[z]/z" = x)/ iy

(e) (Local form at nodal points) If p — C' is a geomelric point map-
ping to a node of C, then there exists an integer v, an étale neigh-
borhood Spec(R) — C of p and an étale morphism Spec(R) —
Specg(Oslz, y]/(zy — t)) for some t € Og such that the pull-back
C x o Spec(R) is isomorphic to Spec(R[z, w|/zw—t', 2" —x,w" —y)/
for some t' € Og.

Next we recall the notion of twisted stable maps. Let X be a proper
Deligne-Mumford stack with projective coarse moduli space X. Algebraic
definitions of twisted curve and twisted stable map to a X are given in
Abramovich-Graber-Vistoli [2], Abramovich-Olsson-Vistoli [3], and Olsson
[42].

Definition 4.2. A twisted stable map from an n-marked twisted curve ( :
C— S,(fi C C)y) over S to X is a representable morphism of S-stacks
u : C — X such that the induced morphism on coarse moduli spaces u. :
C — X is a stable map in the sense of Kontsevich from the n-pointed curve
(C,z=(z21,...,2n)) to X, where z; is the image of I;. The homology class
of a twisted stable curve is the homology class u.[Cs] € Ha(X, Q) of any fiber
Cs.

Twisted stable maps naturally form a 2-category. Every 2-morphism is
unique and invertible if it exists, and so this 2-category is naturally equiva-
lent to a 1-category which forms a stack over schemes [2].

Theorem 4.3. (]2, 4.2]) The stack Mgy, (X) of twisted stable maps from
n-pointed genus g curves into X is a Deligne-Mumford stack. If X is proper,
then for any ¢ > 0 the union of substacks Mgy ,(X,d) with homology class

d € Hy(X,Q) satisfying (d,c1(X)) < ¢ is proper.
The Gromov-Witten invariants takes values in the cohomology of the
inertia stack
IX =X XxXxx X
where both maps are the diagonal. The objects of Zy may be identified with

pairs (x,g) where z € X and g € Auty(z). For example, if X = X/G is a
global quotient by a finite group then

Ix = U X9/2,
l9]eG/ Ad(G)

where G/ Ad(G) denotes the set of conjugacy classes in X and Z; is the
centralizer of g. Let u, = Z/rZ denote the group of r-th roots of unity. The
inertia stack may also be written as a hom stack [2, Section 3]

Iy = UT>OIX,T‘) IX,’I" = Homrep(BHry X)
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The classifying stack B, is a Deligne-Mumford stack and if X is a Deligne-
Mumford stack then

Ix :=Urs0Zxyr, Zxy:=Zx/Bpur.

is the rigidified inertia stack of representable morphisms from B, to X, see
2, Section 3]. There is a canonical quotient cover m : Zy — Zy which is
r-fold over Zy ,. Pullback acts on cohomology by an isomorphism

F*H*(T)(,Q) — H*(Ix, Q)

For the purposes of defining orbifold Gromov-Witten invariants, Zy can be
replaced by Zy at the cost of additional factors of r on the r-twisted sectors.
If ¥ = X/G is a global quotient of a scheme X by a finite group G then

Iy =] X9/(Zs/(9))
(9)

where (g) C Z, is the cyclic subgroup generated by g. For example, suppose
that X is a polarized linearized projective G-variety such that X//G is locally
free. Then

Loje =[] X/2,

(9)
where X®9 is the fixed point set of g € G on X**, Z, is its centralizer, and
the union is over all conjugacy classes,

Txpe =] X*9/(Z4/(9))
(9)

where (g) is the (finite) group generated by g. The moduli stack of twisted
stable maps admits evaluation maps to the rigidified inertia stack

ev: Myn(X) =Ty, &: Myn(X)— Ty,

where the second is obtained by composing with the involution Zy — Zx
induced by the map p, — ptr, ¢ +— (L

Constructions of Behrend-Fantechi [6] provide the stack of stable maps
with virtual fundamental classes. The virtual fundamental classes

[Mg,n,F(X7 d)] S H(Mg,n(X)7 Q)

(where the right-hand-side denotes the singular homology of the coarse mod-
uli space) satisfy the splitting axioms for morphisms of modular graphs sim-
ilar to those in the case that X is a variety. Orbifold Gromov-Witten invari-
ants are defined by virtual integration of pull-back classes using the evalua-
tion maps above. The orbifold Gromov-Witten invariants satisfy properties
similar to those for usual Gromov-Witten invariants, after replacing rescal-
ing the inner product on the cohomology of the inertia stack by the order
of the stabilizer. The definition of orbifold Gromov-Witten invariants leads
to the definition of orbifold quantum cohomology as follows.
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Definition 4.4. (Orbifold quantum cohomology) To each component Xj
of Iy is assigned a rational number age(Xy) as follows. Let (z,g) be an
object in Xy. The element g acts on T, X with eigenvalues aq,. .., a, with
n = dim(&X). Let r be the order of g and define s; € {0,...,r — 1} by
aj = exp(2mis;/r). The age is defined by age(Xy) = (1/r)> " sj. Let
Ax C Hom(H2(X,Q),Q) denote the Novikov field of linear combinations
of formal symbols ¢%,d € Hy(X,Q) where for each ¢ > 0, only finitely
many ¢% with (d,c1(X)) < ¢ have non-zero coefficient. Denote the quantum
cohomology

QH(X)=PQH*(X), QH'(X)= @ H*W (X)) Ar.

X CZxy

The genus zero Gromov-Witten invariants define on QH (X') the structure
of a Frobenius manifold [11], [2].

5. MUNDET STABILITY

In this section we explain the Ramanathan condition for semistability of
principal bundles [45] and its generalization to maps to quotients stacks by
Mundet [40], and the quot-scheme and stable-map compactification of the
moduli stacks.

5.1. Ramanathan stability. Morphisms from a curve to a quotient of a
point by a reductive group are by definition principal bundles over the curve.
Bundles have a natural semistability condition introduced half a century
ago by Mumford, Narasimhan-Seshadri, Ramanathan and others in terms
of parabolic reductions [45]. First we explain stability for vector bundles. A
vector bundle £ — C of degree zero over a smooth projective curve C' is
semistable if there are no sub-bundles of positive degree:

(E semistable) iff (deg(F) <0, VF C E sub-bundles).

A generalization of the notion of semistability to principal bundles is given
by Ramanathan [45] in terms of parabolic reductions. A parabolic reduction
of P consists of a pair

QCG, o:C—P/Q

of a parabolic subgroup of G, that is and a section o : C'— P/Q. Denote by
o*P C P the pull-back of the @-bundle P — P/Q, that is, the reduction of
structure group of P to ) corresponding to o. Associated to the homomor-
phism 7q of (12) is an associated graded bundle Gr(P) := 6*PxoL(Q) — C
with structure group L(Q). In the case that P is the frame bundle of a vector
bundle £ — C of rank r, that is,

P=U,P.,, P.={(e1,...,e;) EE. | e1N...Ne, #0}
a parabolic reduction of P is equivalent to a flag of sub-vector-bundles of £

{0}CE;, CE,C...CE; CE.
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Explicitly the parabolic reduction ¢* P given by frames adapted to the flag:
O’(Z) = {(61,...,er) € Eg ’ e; € Eik,zw Vj <ip, k= 1,...,l}.

Conversely, given a parabolic reduction the associated vector bundle has a
canonical filtration.

An analog of the degree of a sub-bundle for parabolic reductions is the
degree of a line bundle defined as follows. Given A € gz —{0} we obtain from
the identification g — g" a rational weight AV. Denote the corresponding
characters x) : L(Q) — C* and x) omg : Q — C*. Consider the associated
line bundle over C' defined by P(Cyv) := ¢*P x¢g Cyv. The Ramanathan
weight [45] is the degree of the line bundle P(Cyv), that is,

,U,Bg(U, )\) = ([C], (Cl(P(C)\v)) € 7.
The bundle P — C is Ramanathan semistable if
upa(o,A) <0, VY(o,N).

As in the case of vector bundle, it suffices to check semistability for all
reductions to mazimal parabolic subgroups. In fact, any dominant weight
may be used in the definition of ppg(o, A), which shows that Ramanathan
semistability is independent of the choice of invariant inner product on the
Lie algebra and one obtains the definition given in Ramanathan [45].

5.2. Mundet semistability. The Mundet semistability condition general-
izes Ramanathan’s condition to morphisms from a curve to the quotient
stack [40], [46]. Let

(p: P—C,u:C— P(X)) € Obj(Hom(C, X/G))
be a gauged map. Let (o, \) consist of a parabolic reduction o : C' — P/Q
and a positive coweight A\ € 3, (Q). Consider the family of bundles P —
S := C* obtained by conjugating by z*. That is, if P is given as a cocycle
in nonabelian cohomology with respect to a covering {U; — X}

[Pl =i : (U;NU;j) = G] € HY(C,G)
then the twisted bundle is given by
[P = [Mij2 - (UsNU;) — G] € HYC x S,G).
Define a family of sections
w8 x C = PMNX)

by multiplying u by 2%,z € C*. This family has an extension over s = oo
called the associated graded bundle and stable section

(15) Cr(P) = C, GCr(u):C — Gr(P)(X)

whose bundle Gr(P) agrees with the definition of associated graded above.
Note that the associated graded section Gr(u) exists by compactness of the
moduli space of stable maps to Gr(P)(X). The composition of Gr(u) with
projection Gr(P)(X) — C is a map of degree one; hence there is a unique
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component Cy of C that maps isomorphically onto C'. The construction
above is C*-equivariant and in particular over the central fiber z = 0 the
group element z* acts by an automorphism of Gr(P) fixing Gr(u) up to
automorphism of the domain.

For each pair of a parabolic reduction and one-parameter subgroup as
above, the Mundet weight is a sum of Ramanathan and Hilbert-Mumford
weights. To define the Mundet weight, consider the action of the automor-
phism z* on the associated graded Gr(P). The automorphism of X by 2 is
L(Q)-invariant and so defines an automorphism of the associated line bun-
dle Cr(u)*P(X) — Gr(C). The weight of the action of z* on the fiber of
Gr(u)*P(X) over the root component Cy is the Hilbert-Mumford weight

px(o,N) €Z, & =2*"Ni Vi€ (Gr(u)lg,)* Gr(P) x¢ X.

Definition 5.1. (Mundet stability) Let (P,u) be a gauged map from a
smooth projective curve C to the quotient stack X/G. The Mundet weight
of a parabolic reduction o and dominant coweight \ is

(o, A) = upc(o, A) + pux (o, A) € Z.
The gauged map (P,u) is Mundet semistable resp. stable if and only if
(o, \) <0, resp. <0, V(o,N).

A pair (o,\) such that p(o,\) > 0 is a destabilizing pair. A pair (P,u) is
polystable ff

(16) (o, A) =0 <= u(o,—A) =0, V(o,A).

That is, a pair (P,u) is polystable if for any destabilizing pair the opposite
pair 1s also destabilizing.

More conceptually the semistability condition above is the Hilbert-Mumford
stability condition adapted to one-parameter subgroups of the complexified
gauge group, as explained in [40]. Semistability is independent of the choice
of invariant inner product as follows for example from the presentation of
the semistable locus in Schmitt [47, Section 2.3].

We introduce notation for various moduli stacks. Let MY (C, X) denote
the moduli space of Mundet semistable pairs; in general, M%(C, X) is an
Artin stack as follows from the git construction given in Schmitt [46, 47] or
the more general construction of hom stacks in Lieblich [33, 2.3.4]. For any
d € HY(X,7Z), denote by MY (C, X, d) the moduli stack of pairs v = (P, u)
with

0,[C] := (¢ xg idx )sus[C] = d € HY (X, Z)

where ¢ : P — EG is the classifying map.
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5.3. Compactification. Schmitt [46] constructs a Grothendieck-style com-
pactification of the moduli space of Mundet-semistable obtained as follows.
Suppose X is projectively embedded in a projectivization of a representation
V, that is X C P(V). Any section u : C — P(X) gives rise to a line sub-
bundle L := u*(Op(y)(—1) — P(V)) of the associated vector bundle Pxg V.
From the inclusion ¢ : L — P(V') we obtain by dualizing a surjective map

j:PVY):=PxgVY = L".

A bundle with generalized map in the sense of Schmitt [47] is a pair (P, j) as
above where j is allowed to have base points in the sense that

¢ € C basepoint <= ((rank(j¢) : P(V)z/ — LZ/) =0).

Schmitt [47] shows that the Mundet semistability condition extends natu-
rally to the moduli stack of bundles with generalized map. Furthermore,
the compactified moduli space ﬂqUOt’G(C, X,d) is projective, in particular
proper.

Schmitt’s construction of the moduli space of bundles with generalized
maps uses geometric invariant theory. After twisting by a sufficiently posi-
tive bundle we may assume that P(V") is generated by global sections. A
collection of sections sy, . .., s; generating P(V'V) is called an [-level structure.
Equivalently, an [-level structure is a surjective morphism ¢ : Ogl — P(VVY).
Denote by MV (C,P(V)) the stack of gauged maps to P(V) with level
structure. The group GL(I) acts on the stack of [-level structures, with
quotient

(17) MEE(CB(V)/GL(L) = ME(C,P(V)).
Denote by MV (C, X) ¢ MV (C,P(V)) the substack whose sections

u : C — P(V) have image in P(X) C P(P(V)). Then by restriction we
obtain a quotient presentation

M (C X)/GL(l) = ME(C, X).

Allowing the associated quotient P xg VYV — P xg LV to develop base
points gives a compactified moduli stack of gauged maps with level structure
HG’qHOt’leV(C,X). Schmitt [46, 47] shows that the stack MG’quOt’lev(C, X)
has a canonical linearization and the git quotient MG’QUOt’leV(C, X)/JGL(l)
defines a compactification WG’qHOt(C, X) of MY(C, X) independent of the
choice of [ as long as [ is sufficiently large. A version of the quot-scheme

compactification with markings is obtained by adding tuples of points to the
data. That is,

M0, X) == MO, X) x Ma(C)

n

where we recall that M, (C) is the moduli stack of stable maps p : C' — C
of class [C] with n markings and genus that of C. The orbit-equivalence
relation in can be described more naturally in terms of S-equivalence: Given
a family (Pg,ug) of semistable gauged maps over a scheme S, such that
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the generic fiber is isomorphic to some fixed (P, u), then we declare (P, u)
to be S-equivalent to (Ps,us) for any s € S. Any equivalence class of
semistable gauged maps has a unique representative that is polystable, by
the git construction in Schmitt [46, Remark 2.3.5.18]. From the construction
evaluation at the markings defines maps to the quotient stack

M CX ) (V/C)" ((poz)Lijopez)
rather than to the git quotient X" C P(V)".2

Ezample 5.2. (Mundet semistable maps in the toric case) If G is a torus
and X = P(V) then we can given an explicit description of Schmitt’s quot-

scheme compactification ﬂc’quOt(C, X, d) of Mundet semistable maps [46].
Specifically let X = P(V') where V is a k-dimensional vector space and

k
(18) V=V
=1

is the decomposition of V' into weight spaces V; with weight u; € gy.
A point of M%(C, X, d) is a pair (P,u):

P—C u: C — P(X),

where P is a G-bundle and u is a section. We consider u as a morphism
u: L — P(V) with L — C a line bundle. Via the decomposition of V', we
can write u as a k-tuple:

k
(@, ..., ) € PH(P(V) @ LY).
=1

The compactification MG’qum(C’, X, d) is obtained by allowing the u; to have
simultaneous zeros:

a;t0) NNt (0) £ 0
We make use of this example later one so we collect a few results about
MPMNC, X, d) below.

Recall (10) there is a projection HA(X) — H?(BG) = gy and similarly
we have HS'(X) — H2(BG) = gz. Associated to v = (P,u) is the discrete
data:

v.[C] = d € HF (X,Z) and its image d(P) € Ho(BG)

(X)) € HA(X) and its image § € H*(BG)

d(u) :== —c1(L) € H*(C,Z) = Z.
Note d(P) is the degree of P; that is, d(P) = c¢1(P) € H*(C,gz) = gz. We
can now state the following.

2The Ciocan-Fontanine-Kim-Maulik [13] moduli space of stable quotients remedies this
defect by imposing a stability condition at the marked points z1, ..., 2, € C. The moduli
stack then admits a morphism to Zy yc by evaluation at the markings.
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Lemma 5.3. Let G be a torus acting on a vector space V. Let V = EB?ZI Vi
be its decomposition into weight spaces with weights i1, ..., -

(a) The Mundet semistable locus consists of pairs (P,u) such that
(19) hull({—d(P)Y + u;|@; # 0}) 2 6.

(b) let W = @F_ | HY(P(V;) ® LY) and let W* consist of (Uy,...,U)
such that (19) holds. Then M~ "(C, X, d) = W*/G.
(c) If w; # 0 then (u;, d(P)Y) + d(u) > 0. If moreover (19) holds then
(0 —d(P)",d(P)) + d(u) > 0.

(d) (v[C, 1 (P(X)) = (0,d(P)) + d(u).

Proof. Since G is abelian, Gr(P) = P for any pair (A, o). It follows that for
any A € gg, the Mundet weight is

pu(o, A) == {min(d(P)", X) — pi(A) + 0(N), 4; # 0}
Hence the semistable locus is the space of pairs (P,u) where
hull({—d(P)" + w;|; # 0}) > 6.

This proves (a). The description (b) follows immediately. For (c), if u; # 0
then degdiv(w;) > 0. But we also have

(20) (i, d(P)") + d(u) = e1(P(V;) @ L") = degdiv(t;) > 0.

In particular —d(P)Y + 6 € hull({y;|a; # 0}). Together with (20) this
shows (0 + d(P)V,d(P)) > 0.

To prove (d) we use that the sections u; above are homotopic to the zero
section

Gp:C = P(V)®LY, 2z (z0)

and X is induced from an equivariant line bundle on V with character 6 at
the fixed point at zero. Therefore we have

(21)  (@[C],e1(P(X))) = (04[], e1(P(Co) ® L)) = (6,d(P)) + d(u).
O
For an explicit example, if G = C* and V = CF then
deg(P(V;) ® LY) = deg(P(V;)) — deg(L) = d(P) +d(u), i=1,...,k.
It follows that the moduli stack admits an isomorphism
HG’qmt(C, X,d) = (Ck(d(P)-i-d(u)—f—l),X/(Cx o ph(d(P)+d(u)+1)—1

This moduli stack is substantially simpler in topology than the moduli space
of stable maps to C'X/G, despite the dramatically more complicated stability
condition. This ends the example.
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A Kontsevich-style compactification of the stack of Mundet-semistable
gauged maps which admits evaluation maps as well as a Behrend-Fantechi
virtual fundamental class [24] is defined as follows. The objects in this com-
pactification allow stable sections, that is, stable maps u : C — P(X) whose
composition with P(X) — C has class [C]. Thus objects of MS(C, X)
are triples (P, C’,u, z) consisting of a G-bundle P — C, a projective nodal
curve (C‘,g), and a stable map v : ¢ — P x¢ X whose class projects
to [C] € H2(C,Z). Morphisms are the obvious diagrams. To see that

this category forms an Artin stack, note that the moduli stack of bundles
Hom(C, BG) has a universal bundle

U — C x Hom(C, BG).
Consider the associated X-bundle
U xgX — C x Hom(C, BG).

The stack MS(C, X) is a substack of the stack of stable maps to U xg X,
and is an Artin stack by e.g. Lieblich [33, 2.3.4], see [54] for more details.
Note that hom-stacks are not in general algebraic [8].

Properness of the Kontsevich-style compactification follows from a com-
bination of Schmitt’s construction and the Givental map. A proper relative
Givental map is described in Popa-Roth [44], and in this case gives a mor-
phism

(22) MO, X, d) —» MU0, X, d).

For each fixed bundle this map collapses bubbles of the section u and
replaces them with base points with multiplicity given by the degree of
the bubble tree. Since the Givental morphism (22), the forgetful mor-

phism WS(C, X,d) — HG(C, X,d) and the quot-scheme compactification
HG’qUOt(C, X, d) are all proper, so is HS(C, X, d).

n

5.4. Energy positivity. A natural notion of energy of a gauged map is
defined as follows. For a gauged map v = (P, u) the energy is given by the
pairing with the equivariant first Chern class of the linearization

EW) = (d,c1(P(X))) € Z, d=uv,[C] e HY(X,7).
From Mundet’s correspondence [40] it is immediate that the energy is non-
negative, since in the symplectic definition the energy is defined as an inte-
gral of a non-negative function (the energy density) over the domain curve.
Here we give an algebraic proof:

Lemma 5.4. For any Mundet-semistable gauged map v = (P,u) from a
smooth projective genus zero curve C with class d = u,[C] € HS (X, Z), the
pairing E(v) = (d, c1(P(X))) € Z is non-negative. The energy E(v) vanishes
only if the bundle P is trivializable and u constant in some trivialization of
P(X) induced by a trivialization of P.
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Proof. We give two proofs. By a special case of the Drinfeld-Simpson the-
orem [18], [13, Lemma 3.2.7], P admits a reduction to a Borel subgroup
B C G. Let mg : B — T be the projection (12), and Gr(P) the associ-
ated graded. Since the map mg is T-equivariant, the section u induces a
section Gr(u) : C — Gr(P)(X) that is also T-semistable. Therefore it suf-
fices to consider the case G = T. Let k = dim(V) and V = @F_, V; the
decomposition of V' into weight spaces V; with weight u;.

We use the notation introduced in example 5.2. In particular the first
G

Chern class cf (5( ) becomes identified, up to positive scalar multiple with a
pair
G (v Vv
g (X)— (1,0) € Z® gy.
The Mundet semistability criterion for one-parameter subgroups of Aut(P) =
T has Mundet weights equal to

ipa(eN) = [@A(P)Y, ), (0, ) = (d(P)",\) + px (0, M),
By lemma 5.3 (c) we have
(6 —d(P)Y,d(P)) +d(u) > 0.
This implies
(23) (w[C),c1(P(X))) = (6,d(P))+d(u)
(24) = (0 —d(P)",d(P)) +d(u) + (d(P)",d(P))
(25) > (0 —d(P)",d(P))+d(u) 20

as claimed. If (d(P),d(P)") is zero then we must have d(P) = 0, hence P
is trivializable. Hence

P(X)=Cx X, (mou)[C]=0¢ HyX)

where 7 : P(X) =2 C x X — X is the projection on the second factor. This
implies that u is constant.

In the second proof we evaluate the Mundet weight for a carefully chosen
one-parameter subgroup. As before assume G =T = (C*)" and X = P(V).

Consider v: C' — X/G as a pair (P — C, P % P(V)) with « a T-equivariant
map. The energy of v is the pairing

(0:]C], ¥ (X)), where v,[C] € Z D tz, &(X)eZdty.

The latter is up to positive scalar equal to (1,60); the former is equal to
(A, d(P)) for an appropriate integer X\. The energy is equivalently

E) =v*{(X) e H*(C) = Z.

Hence A = deg(«). The following is readily verified. If d(P) = (dy,...,d;,)
then P is the frame bundle of the vector bundle £ defined by

E:=®;_10c(d;).

The map « is given by global sections ug, ..., Uy, € HO(Q*OP(V)(:L)) which
are weight vectors for G. Consider the weight space decomposition V' = @;V;

+d
+d
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where G acts on V; with weight p;. Equivariance implies that —pu; is the
weight of u;. We claim deg(«) > (—p;, d(P)). To see this let
|E| = Spec(Sym™(E"))
be the total space of E. Via the clutching construction 7T is given by gluing
of trivializations in coordinate charts near [1,0],[0,1] € P!,
|E| = SpecC|z, x1, ..., 2] USpecClz" y1, ...,y

with y; = 2~%x;. The space of global sections H°(a*Op(y)(1)) has a basis
of pairs (27 [[; 21", 27 * ], /") that transform as follows

A [ = o8 [ ity = o3+ Csd(Ph=den(e) Ty
3 3 K3

That is —k = j+(—pu;, d(P))—deg(a) < 0. As j > 0 we conclude (—p;, d(P)) <
deg(a). Mundet stability for the one-parameter subgroup generated by A is
defined by a limiting equivariant map a®: P — P(V) given by sections u?
whose image is fixed by z*. The stability condition is

min (d(P)",\) + (0 — i, A) < 0.

1,ud#0
Substitute in A = —d(P)" and multiply by —1 to obtain

(d(P),d(P)") +(8,d(P)") + (—p, d(P)") = 0.
Therefore
E(v) = (0,d(P)") + deg(ar) = (0,d(P)") + (—pi,d(P)") = 0.

For equality to hold we need d(P) = 0 and deg(«) = 0. The first condition
together with equivariance says « factors through C; the second condition
says « is constant. [l

Remark 5.5. The following gives an alternative proof of non-negativity of
the energy in the case that any Mundet semistable map (P,u) has non-
empty semistable locus u~1(P(X*®)), see Corollary 6.2 below. In this case
an invariant ample divisor D C X is given by choosing an invariant section
of the ample bundle X* for k large, as in (9). Let

DG :=(X*ND)/G C X)|G
denote the associated divisor in the git quotient. We may assume that the
divisor D//G C X/J/G C X/G does not contain v(C'), since D//G is ample.
Since the divisor D is G-invariant and ample, D contains the unstable locus,
that is, D D (X — X®). The divisor D then induces a divisor
P(D)=PxgD C P(X).

Let uX/¢ . C - X //G denote the induced map to the symplectic quotient.
Since u(C') is not contained in P(D), the pairing is the number of intersection
points counted with multiplicity:

(0[C), e1(P 6 X)) = #u~ (P(D)).
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If the pairing is zero then the image of u is contained in the semistable locus,
and u induces a constant map to X//G. Hence the bundle and section are
trivializable.

5.5. Convex targets. The definition of Mundet semistability also gives
good moduli spaces in the cases of some affine targets. A finite dimensional
complex G-vector space V is said to be conver if there exists a central one-
parameter subgroup ¢¢ : C* — G such that V' has positive weights for the
induced action of ¢,

V=PV, wm>0, i=1,...,k
I

Given a convex G-vector space, the projectivization of V is the quotient

V= ((VxC)*-{(0,0)})/C{

where C* acts on C with weight one. Thus V is a weighted projective
space (in a particular a smooth Deligne-Mumford stack) and contains V' as
an open substack. A quasiprojective G-variety X is conver if there exists
a projective embedding 7 : X — V to a convex G-vector space V whose
image intersects the locus V' — {0}. The following is a simple application of
the technique called symplectic cutting in the literature [31]:

Lemma 5.6. Any conver G-variety X embeds as a dense open substack
of a Deligne-Mumford stack X with complement a prime Cg -fized divisor

isomorphic to (X —{0})/C{.

Proof. Let X — X denote the given linearization on X and X(I) the lin-
earization on X x C obtained by twisting by the C*-character with weight
l. Consider the git quotient

X = (X xQ))cy.
The inverse image of (0,0) € V x C is unstable, for sufficiently large d.
Thus the proper morphism X — V induces a proper morphism X to V. In
particular, this implies that X is also proper. The G action on X x C given
by g(z,2) = (gz, 2) descends to a G-action on X, and restricts to the given
action on the open substack X C X. O

In the following we will refer to HS(C, X, d) allowing X to be a smooth
Deligne-Mumford stack without further comment; we do not allow stacky
structures on the domain curves since we are only interested in defining

MS(C, X, d) in which case the target X is a variety.

Corollary 5.7. Let d € HZ(X) be a class that pairs trivially with the di-
visor class [X — X| € HF(X). Then there exists a constant I(E) such that
if the energy bound E£(d) < E holds and | > I(E) then the moduli stack

MS(C, X,d) consists of maps whose images are disjoint from (X — X)/G.
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Proof. The intersection number of any curve v : P! — V contained in V -V
with V — V is non-negative. Indeed V — V = P[uy,...,ux] has ample
normal bundle Opy,,, . ,,,1(1). On the other hand, there are no stable gauged
maps C' — X/G with image in (V — V) /G for sufficiently large | > I(d).
The trivial reduction o together with the generator £ of the one-parameter
subgroup C* has weight pu(0,§) — oo as d — oo, while (23) implies that
(d(P)Y, ) is bounded in terms of the energy. Combining these observations
let v : C — V/G be a stable gauged map intersecting (V — V)/G. The
intersection number #u~!(P(V —V)) > 0 is positive and equal to the pairing
(d,[V—V]) € Qof d € HY(X,Q) with [V — V] € H:(V,Q). The latter
vanishes by assumption, a contradiction. O

Lemma 5.8. Suppose that (P,u) is a map from C to X/G with X convez.
Any destabilizing pair (o,)) has associated graded (Gr(P), Gr(u)) disjoint
from the divisor at infinity P(X — X), for 1 sufficiently large.

Proof. As in the proof of Lemma 5.4, by choosing a Borel structure refining
the parabolic structure and passing to the associated graded we may assume
that G is a torus. Suppose that (o, ) has associated graded Gr(P), Gr(u)
intersecting P(X —X). By invariance of intersection number, the limit Gr(u)
must take values in P(X — X), since otherwise the intersection number with
P(X — X) would be positive. We suppose that 1, ...,y are the weights of
G on V, so that w has components uq,...,u. From the description of the
associated graded, if A satisfies p;(A) > 0 for all i = 1,..., k such that u; is
non-zero, then the associated graded takes values in P(X). Hence p;(A) > 0
for non-empty subset I C {1,...,k} of indices such that u; is non-zero. Let

The minimum m is negative since some p;(\) < 0 and p;(§) > 0 for all
i =1,...,k. The associated graded section is then given by the collection
of sections w;,7 € I with p;(\)/uni(§) = m. The corresponding Hilbert-
Mumford weight is the weight of the action of C§ on the fibers of X/CX,
and is equal to ml. Therefore, the weight p(xz, \) is positive. For [ sufficiently
large the pair is not destabilizing. ]

As a result, for convex target it suffices to check semistability for pairs
such that the associated graded exists without compactification.

6. VARIATION OF POLARIZATION

The moduli space of Mundet-semistable gauged maps depends on the
linearization. Changing the linearization leads to wall-crossing in which loci
of bundles with the same associated graded are flipped [24] as is standard
in variation of git as explained in e.g Thaddeus [50]. Consider the family
of linearizations X* given by the k-th tensor product of the given one X
for k a positive integer. While taking tensor products does not change the
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definition of semistability for X, it does change the definition of Mundet
semistability.

Lemma 6.1. For any fived degree d € HS(X), there are at most finitely

many changes in the stability condition as k varies. That is, there exist
—o=ky<k1 <...<k=00€QU{—00,00}

such that if k', k" € (ki, kit1) then the semistable loci for k', k" are equal.

Proof. Denote by p (o, A) the Mundet weight corresponding to Xk, Changes
in the definition of stability correspond to pairs (P,u) such that for some
pair (o,A) and k_, k; € Q,

M (07 )‘) < 07 Kk (Ua >‘) >0
while for some k € (k_, k+), pi(o, A) = 0 so that the pair (P, ) is semistable

but not stable. As in 5.3(1), the wall-crossings arise from pairs (P, u) such
that

(26) dim(hull({u;|a; # 0})) < rank(G), hull({u;|a; # 0}) > 6 + d(P)/k.

Suppose there are infinitely many wall-crossings. Let (Pj,u;) denote
the corresponding reducible gauged maps for some k£ in an unbounded set
W(d) C Q. The equation (26) implies that ||d(Py)|| > ck for some positive
constant ¢ and all k£ € W(d). On the other hand, as in (23)

(ur«[Cl,e1(Pr(X))) = (0,d(Py)) + d(ux)
= (0 —d(Px)/k,d(Py)) + d(ug) + (d(Pg)/k, d(Py))
(d(Py),d(Py))/k > Pk

for k € W(d). Since W(d) is unbounded, this implies that the homology
class vy +[C] € HY(X) is also unbounded, a contradiction. O

v

Denote by MG(C’, X ; d, k) the moduli space of Mundet semistable maps
using the linearization X*. By the finite-ness above in Lemma 6.1, we have
the following:

Corollary 6.2. For any d € HY(X,Q) there exists k(d) such that for k >

k(d), the stack MG(C, X,d, k) consists of those bundles that are Mundet
semistable for all k > k(d), that is,

(ki ks > k(d) = (ME(C,X,d k1) = M®(C, X, d, ky)).
More precisely, an object (C’,P,u,g) is destabilized by (o, \) for some k >
k(d) iff it is destabilized for all k > k(d).
The following describes the Mundet semistability condition for large k.

Lemma 6.3. For any d € HS(X,Q) there exists k(d) such that for k >
k(d), the stack MG(C, X,d, k) has objects given by tuples (P, C’,u,g) for
which (u|Co)~H(X™/G) is non-empty.
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Proof. Tt suffices to show that if v : C'— X/G is a Mundet unstable gauged
map with class d for large k, then v(C) is contained in some Kirwan-Ness
stratum X /G and vice versa. Let (o, ) be a pair destabilizing u:

(o, A) = upc(o, A) + kux (o, A) > 0.
By Corollary 6.2, we may assume that v = (P, u) is Mundet destabilized by
(0,) for all kK > k(d). Then the Hilbert Mumford weight px (o, A) > 0 must
be positive. The associated graded Gr(u) is contained in the fixed point set
Zy, that is, Gr(u)(Cy) € P(Zy), and (Gr(P), Gr(u)) has positive Hilbert-
Mumford weight with respect to (o, \). Thus u is generically unstable.
Conversely, suppose that v = (P,u) : C' — X/G takes values in some

stratum X,,/G generically on the root component Cy C C. The stratum
fibers

(27) X, =G xq, Y, —G/Qu

as in (13). By composition with the map P(X) — P(Q,) = P/Q, arising
from (27) we obtain a map o : (u|Cy N v (X,)) = P/Qu. Locally P
is trivial, and so in a neighborhood of any point in «~'(X,) the map is
given by a map to G/Q,. By completeness of G/Q,, this map extends to
o:Cy— P/Q,, by definition a parabolic reduction o. Consider the one-
parameter subgroup generated by a positive coweight u. The associated
graded Gr(u) maps to Z, on the root component. The Hilbert-Mumford
weight px (o, A) is positive, by construction. Hence upg (o, A) +kux (o, ) is
positive for large k, and the pair (P,u) is Mundet unstable for large k. O

7. SCALED GAUGED MAPS

The Mundet semistable moduli spaces have a large linearization limit
which includes both stable maps to the git quotient as well as what we
called affine gauged maps. This is an algebraic version of a limit that was
first studied in the symplectic context by Gaio-Salamon [22].

Definition 7.1. (Scaled gauged maps) A prestable scaled gauged map is a
datum (P,é,u, d,z) consisting of a prestable scaled curve (é,é, z) and pair
(P — C,u:C — P(X)) giwing a map to the quotient stack C — X/G. In
the case that X J/G is an orbifold, the domain C is allowed to have a twisted
stacky structure C so that the points with non-trivial automorphism are nodes

with infinite scaling and the data above gives a representable morphism v :
C — X//G as in [2]. Denote by

Dy, = P(wé/c) C P(wé/c © Op), resp. Do=P(Ops) C }P’(wé/c © Op)

the divisor at infinity resp. the zero section. The datum (P,(f,u,(S) 18
semistable if either

(a) the scaling 8|Cy is finite, and the datum (P,C,u) is Mundet semistable;
here we are interested in the chamber k > k(d) from Lemma 6.3, or
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(b) the scaling 6|Co on Co is infinite, and 6~ (Dwo) C C maps to the
semistable locus in X/G,
A semistable scaled gauged map is stable if it has finitely many automor-
phisms.

We introduce the following notation for moduli stacks. Denote by MS 1(C, X)
the moduli of stable marked scaled gauged maps. The existence of a uni-

versal scaled curve implies that again, Mml(C’,X ) is a hom stack from a
Deligne-Mumford stack to a quotient stack of a variety by a reductive group,
and so Artin by [33, Proposition 2.3.4].

The moduli stack of stable scaled curves defines a cobordism using the fol-
lowing forgetful morphism. Forgetting everything besides the map ¢ defines
a morphism

7G —_
p: M, ,(C, X, d) = Moy = P, (C,v,0,2=(21,...,2n)) — (5\@020.
The fiber of p over any non-infinite point o € P! — {oo} is
_ G
pHa) =M, (C,X,d)
the space of Mundet semistable gauged maps in the chamber k& > k(d). On
the other hand, the fiber over infinity consists of stable maps to C' x X//G
of degree (1,d) together with bubble trees which call affine gauged maps
because of the affine structure given by the one-form. Affine gauged maps
were introduced first in a symplectic context by Ziltener [57]; a Narasimhan-

Seshadri correspondence which relates that viewpoint with the one given
here is in Venugopalan-Woodward [52].

Definition 7.2. An affine gauged map is a datum
(C,6,z2=1(20y---,2n),v)

where (C, 9, z) is an affine scaled marked curve from Definition 4, and v =
(P,u) : C — X/G is a morphism to the quotient stack such that
(a) v(67 (Do) C X*/G. In other words, on the locus u= (671 (Dy)),
the map has image in the X -semistable locus; and
(b) on the locus v~ (6~ (Dy)), the bundle is trivial.

In the case that X /|G is an orbifold, C is equipped with an twisted stacky
structure C with non-trivial automorphism groups only at the nodes and
marking with infinite scaling as in [2] and data above defines a representable
morphism v : C — X/G. Such a datum is stable if there exist only finitely
many automorphisms ¢ € Aut(C,v,d,z), or in other words, if there each
component C; on which the map v,[C;] =0 € HS (X, Q) the scaling is finite
and non-zero (resp. zero or infinity) has at least two (resp. three) special
points.

We introduce the following notation for moduli spaces of affine gauged

maps. Let Mil(A, X) denote the moduli space of affine gauged maps with
group G and target X with n markings in addition to the marking at infinity.
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For each d € HY(X,Q), let ﬂil(A,X, d) denote the locus of maps with
v,[C] = d € HF (X, Q). The moduli stack admits natural evaluation maps

ev X evoo : M1 (A, X) = (X/G)" x Txjc

given by evaluation at the markings z;,¢ = 1,...,n and zy. Also define, for
ease of notation,

My (C,X))G,d) = My n(C x XJ/G,(1,d))

the so called graph space of stable maps to X//G x C of degree (1,d). Gen-
eralizing the positivity of energy of stable gauged maps in Lemma 5.4 we
have the following:

Proposition 7.3. Any object (P, C,u, z) ofﬂil(C, X) or object (C, 2,9, P,u)

of ﬂil(A,X) has non-negative energy, and vanishing energy only if the
bundle and section are trivializable on each component.

Proof. Each irreducible component of the domain carries either a Mundet-
semistable map, a map to X, a map to X//G, or an affine gauged map
which is necessarily generically semistable. The statement of the proposition
follows from applying Lemma 5.4 and Remark 5.5 to each component. [

Later we will need a bound on the number of irreducible components of
the domain in terms of the energy.

Corollary 7.4. Let k be an integer such that if x is any object of Hom(pt, X/ G),
then the order of the automorphism group | Aut(z)| of x divides k. Any ob-
ject (P,é,u,g, 0) of ﬂil(C, X,d) or object (P,C,u,z,0) of ﬂil(A,X, d)
with non-zero energy has energy at least 1/k.

Proof. By Proposition 7.3, any component with non-zero energy has positive
energy defined as the pairing of u*c;(P(X)) with [C]. By [12, Theorem
1.187 part (iii)], ku*c;(P(X)) is represented by an integral divisor, and so
an integral cohomology class. The statement of the Corollary follows.  [J

8. PROPERNESS FOR TRIVIAL ACTIONS

In this section we show properness of the moduli stack of gauged scaled
maps in the case that the group acting is trivial.

Proposition 8.1. Let X be a smooth proper Deligne-Mumford stack with
projective coarse moduli space X and ample line bundle on the coarse moduli
space X — X. For anyn > 0,E > 0, the union of the stacks M, 1(C, X, d)
for (d,c1(X)) < E is proper.

Proof. By properness of moduli stacks of stable maps to Deligne-Mumford
stacks [1, Section 6], the union of the components

JMa(C. X, d) := My u(C x X,(1,d), (d,c2(X))<E
d
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is proper. Therefore it suffices to show that the forgetful morphism
fiMp1(C, X, d) = My (C,X,d) := Myg,(C x X,(1,d))

obtained by forgetting ¢ and collapsing unstable components is proper. Let
[u] € M,(C,X,d) with representative u : C' — X. Since X is projective,
Bertini implies that there exists a divisor D C X transverse u and meeting
each non-constant component of u transversally and disjoint from the mark-
ings and images of unstable components of the domain. Let D = D xx X
and U C M,,1(C, X,d) be the open substack of maps such that each com-
ponent meets D transversally and in a set of distinct points disjoint from
the markings and ghost components. By taking a divisor D of sufficiently
large degree, we may assume that for each component C; C’, the map u
restricted to C; meets the divisor in at least three points:

#(U\@i)fl(D) >3, V¢ cC.

Choose an ordering of the additional points u~! (D) meeting u. Let U denote
the substack of M, 1(C, X, d) so that the last k points represent transverse
intersections with D. The map forgetting the last k points gives an étale
morphism from U to M,,(C, X, d), see for example [21, Proposition 4]. The
map

M1 (C,X,d) DU = Myi51(C), (u:C— X,2) = (u:C — X, 20u"Y(D))

fits into a Cartesian diagram

Mn,l(ca ‘)(7 d) - U . Mn—f—k,l (07 X? d) - Mn—f—k,l (C)

Mn(C,X,d> - f(U> > ﬂn+k(c7‘)‘)vd) - ﬂn+k(C)

where the right-hand vertical arrow is proper. Since the pull-back of proper
morphisms is proper and properness is étale local in the target, the left-
hand-arrow is also proper. Since M, (C,X,d) is proper, M, 1(C, X,d) is
proper as well. ([

Proposition 8.2. For any E,n > 0 the union of moduli stacks My, 1(A, X, d)
with (d,c1(X)) < E is proper.

Proof. Consider the forgetful map f : M, 1(A,X,d) — Mo n+1(X,d) de-
fined by composing M, 1(A, X,d) — Mg n+1(X,d) with the stabilization
map Mo ni1(X,d) — Moni1(X,d) [7, Proposition 3.10], [1, Proposition
9.1.1]. As before, choose [u] € Mo n+1(X,d) with representative u : C — X
and a divisor D C X meeting u transversally away from the markings and
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ghost components. Properness of M,, ;1 1(A) and the Cartesian diagram

anl(A, Xa d) U > Mn—‘rk,l (A)

| |

Mon(X,d) ~— f(U) Mo ik

imply that M, 1(A, X, d) is proper over My ,(X,d). Since Mo, (X,d) is

itself proper by [1, Theorem 1.4.1], M, 1(A, X, d) is itself proper. O

9. BOUNDEDNESS

In this section we show that the moduli space of gauged scaled maps with
fixed numerical invariants is finite type. The results of Ciocan-Fontanine-
Kim-Maulik [13, Section 3.2] imply such a result in the case of a vector space
target. We extend the argument here to the case of projective spaces.

Theorem 9.1. (c.f. [13, Theorem 3.2.5]) Let E > 0 and C a twisted
prestable curve. Let V be a finite-dimensional complex vector space with
an action of G via a representation G — GL(V) with finite kernel and
X =P(V). Suppose that the semistable locus X is non-empty and equal
to the stable locus. Then the following family of gauged maps is bounded:
pairs v = (P,u) consisting of a principal G-bundle P — C and representable
section v : C — P(X) such that the energy £(v) < E and the section u sends
the generic point of C to P(X*).

Proof. A similar theorem with P(V') replaced by V is given by Ciocan-
Fontanine-Kim-Maulik [13, Theorem 3.2.5].

First we assume that C is an ordinary curve and G is a torus. By lemma
5.3(4) we have

(28) £(v) = (u«[C], e (P(X))) = (0,d(P)) +d(u) € [0, E].
By the Hilbert-Mumford criterion the semistable locus in P(X) is
X% = PV = {[o,..., 54] € B(V) | hull({gulz; £ 0}) 3 6}

Let u: C' — P(X) be a section that is generically semistable. Recall example
5.2 and that u is given by a k-tuple (uq,...,u;). The condition that w is
generically semistable means each @; # 0 hence by lemma 5.3(3)

(i, d(P)Y) + d(u) >0, Yi=1,... k.

The same holds for any vector near #, since the condition of lying in the
convex hull is open in in the interior. Choose a basis

51,"'357‘6967 huu(glv"‘vé-r)ae

of points near 0 so that

(29) (&,d(P)Y) —d(u) >0, i=1,...,m
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Combining (29) and (28) shows that the possible degrees d(P) lie in a finite
set.

Next we consider the case that C is an ordinary curve and G is an ar-
bitrary compact connected reductive complex group. By a simple case of
the Drinfeld-Simpson theorem [18], [13, Lemma 3.2.7], the bundle P ad-
mits a reduction to a Borel subgroup B C G. Let g : B — T be the
projection (12), and Gr(P) the associated graded. Since the map mg is
T-equivariant, the section u induces a section Gr(u) : C — Gr(P)(X) that
is also T-semistable. A G-bundle corresponds via a faithful representation
G — GL(r) to a vector bundle /' — C together with a reduction of the
structure group, given by a section of an affine bundle GL(r)/G. Equation
(29) shows that splitting type of the associated graded Gr(F') is uniformly
bounded given a fixed d € HQG (X,Z), and furthermore the first Chern class
d(P) has bounded pairing with ¢'(X).

Given this bound on the splitting type of the associated graded, a stan-
dard argument (see for example the boundedness arguments in [26, 3.3])
shows that after twisting by a sufficiently positive bundle depending only
on a bound on the splitting type, any vector bundle F' — C as above is gen-
erated by their global sections and has no higher cohomology. Indeed the
long exact sequence in cohomology shows that, for any locally free subsheaf
F’ C F appearing as a summand in the associated graded Gr(F') we have
an exact sequence

H°(C,F) — H°(C,F) — H(C,F/F") — H'(C, F").

From this and the corresponding sequence for the twist F'(—z),z € C one
obtains that if F', F/F’" are generated by their global sections and have no
higher cohomology then F' has the same property. An induction shows that
F — Cis a quotient of a fixed trivial bundle O%l for | > k(E) where k(E)
is a constant depending only on the energy bound E. Thus the family of
bundles is bounded.

To show that the families of sections are bounded, note that any two
sections ug, up : C' — P(X) have homology classes that differ by an element
of Hy(X,Q) C HY(X,Q). The homomorphism

(-, (X)) € Hom(HS (X,Q), Q)

restricts to the standard pairing on Ha(X,Q) corresponding to the hy-
perplane class, the energy bound (28) implies that d(u) is bounded from
above and below. Now the difference of homology classes of any sections of
P(P(V)) lies in the kernel of the map Ha(P(P(V)) — H2(C) and so, since
P(V) is simply-connected, lie in the image of the inclusion Ha(P(V)) —
Hy(P(P(V)) of a fiber. It follows that the degree also classifies homology
classes of sections:

(30) (u1 Zug) <= (d(uy) = d(u2)).
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By (30) the possible homology classes of the sections are bounded as well.
This shows that the family of maps to X/G is bounded.

Finally suppose that C is a twisted curve and G is complex connected
reductive. Let C — S be a family of twisted curves, P — C a family of
bundles and u : C — P(X) a family of sections as above. By [42, Theorem
1.14], after étale cover there exists a finite flat morphism 7 : Z — C from a
projective scheme Z — S to C; the proof in fact shows that 7 is surjective.
By faithfully flat descent, sheaves on C may be described in terms of descent
data as sheaves E on Z & Z x¢ Z. Such data consists of the bundle Z
together with isomorphisms ¢ : 77 E' — 75 E, where 7y, w2 are the projections
onto the factors of Z x¢ Z see Tag 0306 in [16]. A principal G-bundle is
given via an embedding G L(r) as descent data for a locally free sheaf of rank
r together with a reduction given by a section of the associated GL(r)/G
bundle and an isomorphism ¢ : 7jE — 73 E preserving the G-reduction.
Any such substack may be realized via quot scheme techniques as a quotient
of a variety by a reductive group action as above. ([

Corollary 9.2. For any real B > 0, the union of components MG 1(C, X, d),
MS(C, X,d), and ./\/l 1(A, X, d) with (d,c; G(X)) < E is finite type.

Proof. We consider only Mml (C, X, d); the proof for the other moduli spaces
is similar. We first show that only finitely many combinatorial types are
possible for a given energy bound. Let v = (P — C,u : C — P(X))
be a gauged map of class d and energy £(v) = (d,c§(X)). The energy
of any component with non-zero energy (v.[C;],c¢{(X)) is at least 1/k for
some integer k, by Corollary 7.4. It follows that the number of irreducible
components C; of the domain € with positive energy is bounded by k€(v)+n

The bound on the number of components with positive energy gives a
bound on the total number of components as follows. Any component Ci
of C on which the map v : ¢ — X/G is trivial and has trivial scaling has
at least three special points. Removing the component C; defines a curve
C — C; with at least three connected components, and so a partition of
the markings {z1,...,2,} and irreducible components of C with non-trivial
energy into three non-empty subsets. Thus the number of components of
the domain with trivial scaling is also bounded by the number of partitions
of k€(d)+n. On the other hand, by the monotonicity condition the number
of components with scaling is at most the number of terminal components,
since there is at most one component with finite, non-zero scaling on the
any path from a root component to the terminal component. That is, the
number of vertices Vert(I') of the combinatorial type I' of C is bounded by
an integer v = v(d). There are finitely many trees I' satisfying this bound,
hence finitely many possibilities for I'.

Given an energy bound, the possible homology classes of each compo-
nent form a finite set by Theorem 9.1 and the requirement that d(P) €
Hy(C,Z/k). 1t follows that there are only finitely many possible labellings
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Vert(T) — H$(X,Q) of the given graphs by degree two homology classes
with the given energy bound; hence finitely many combinatorial types as

claimed. It follows that the image of ﬂf 1(C, X, d) — 9, 1(C) is contained

in an Artin stack of finite type for each d € HS (X, Z).

We now use boundedness of the splitting type to prove that the moduli
stack is finite type. As in the proof of Theorem 9.1, we describe bundles on
stacky curves in terms of descent data. Let C — Shbea family of stacky
curves, P — C a family of bundles and u : C — P(X) a family of sections
as above. By [42, Theorem 1.14], after étale cover there exists a finite flat
morphism 7 : Z — C from a projective scheme Z — S to C: the proof
in fact shows that 7 is surjective. By faithfully flat descent, sheaves on C
may be described in terms of descent data as sheaves F on Z & Z x¢ Z;
that is, Z together with isomorphisms ¢ : 7] E — 73 E, where 71, mo are the
projections onto the factors of Z x¢ Z see Tag 0306 in [16]. A principal
G-bundle is given via an embedding GL(r) as descent data for a locally
free sheaf of rank r together with a reduction given by a section of the
associated GL(r)/G bundle and an isomorphism ¢ : 77 E — 73 E preserving
the G-reduction. Because the splitting type of P — C is bounded, the
splitting type of E is bounded as well, and the image of P in Hom(Z, BG)
is contained in a substack of finite type. Any such substack may be realized
by standard constructions via quot scheme techniques as a quotient of a
variety by a reductive group action as in [33, 2.3.4]. Since the homology
class d € HS(X,Q) is bounded, the image of S in Hom(Z, X/G) consists
of sections with bounded homology class, and so also lies in a substack
of finite type by [1, Theorem 1.4.1], see also Lieblich [33]. It follows that

Mil(C, X) is covered by finitely many stacks of finite type, and so is itself
finite type. ([l

10. UNIVERSAL CLOSURE

In this section we show that the moduli stack of scaled gauged maps is
universally closed using the valuative criterion and Schmitt’s git construction
[46].

10.1. Removal of singularities for bundles on surfaces. We begin with
the following theorem of J.-L. Colliot-Thélene and J.-J. Sansuc, [14] de-
scribes extensions of bundles on complements of finite subsets of surfaces,
see also Ciocan-Fontanine-Kim-Maulik [13]: For any scheme X and reduc-
tive group G a principal G-bundle is a scheme P with a free right action of
G that is locally trivial in the fpqc topology on X. If X is smooth, then this
is equivalent to local triviality in the étale topology.

Theorem 10.1. Let X be a smooth complex variety of dimension two and
G a connected reductive group. If U C X is the complement of a finite
set of non-singular points on X, then any principal G-bundle on U 1is the
restriction of a principal G-bundle on X, unique up to isomorphism.
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We briefly recall the main point of the proof. First, we prove the cor-
responding result for vector bundles. let F' — U be a locally free sheaf
and ¢ : F — X the inclusion. The sheaf i, F = i, F"V is reflexive by e.g.
Hartshorne [25, Corollary 1.7], and reflexive sheaves on surfaces are locally
free by e.g. Hartshorne [25, Corollary 1.4]. This shows that F' has an exten-
sion. The extension is unique up to isomorphism by Hartog’s theorem. If
Iy, F, — X are two such locally free extensions then the given isomorphism
¢ € H°(U,Hom(F}, Fy)) extends over X since X — U is a finite set.

Next we consider the case of arbitrary reductive groups. Fix an embedding
G — GL(r) for some r > 1 and let P — U be a principal G-bundle. Using
the embedding, we obtain a vector bundle F, which extends uniquely to
X. Let @ denote the frame bundle of F. The bundle P corresponds to a
reduction of structure group o : U — @Q/P. Since G is connected reductive,
it follows from Matsushima’s criterion [36], [9] that the homogeneous space
GL(r)/G is a smooth affine variety. Moreover, by assumption, )/G admits
a section o over U. Thus, by Hartogs’ theorem, o extends over X.

10.2. Existence of limits for families with finite scaling. First we
show properness over the space of finite scalings using Schmitt’s git con-
struction [46] the Keel-Mori theorem [28].

Lemma 10.2. The forgetful morphism to the moduli space of finite scalings
MS@(Q X? d) 2 p_l(MO,l) — MO,l C ﬂ(],17 [éa u, P, E2) 5] =0
1S proper.

Proof. This follows an argument given with Gonzalez [24]: there is a proper
relative Givental map described in Popa-Roth [44]

ME(C, X, d) —» MUY, X, d).

For each fixed bundle, this map collapses bubbles of the section u and re-
places them with base points with multiplicity given by the degree of the

bubble tree. On the other hand, ﬂG:quot(

given in (17) and so has a proper coarse moduli space. Finally ﬂf(c , X, d) —

M7 (C, X,d) is proper, each forgetful map being isomorphic to a universal

curve. Under the stable=semistable assumption, the Luna slice theorem

[34] implies that ﬂf’quc’t(C’, X, d) is étale-locally the quotient of a smooth

variety by a finite group and so has finite inertia stack. By the Keel-Mori
theorem [28], explicitly stated in [15, Theorem 1.1], the morphism from
ﬂf’qu"t(c, X,d) to its coarse moduli space is proper, so MS(C, X,d) is
proper as well. Hence

pHC) = M (C,X,d) xC = C

is proper. Schmitt’s construction [47, Section 2.7.2] implies that if sta-

C, X,d) has a git construction

ble=semistable then the automorphism groups of objects in ﬂf’q‘“’t (C, X,d)
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are finite, and so the moduli stack is Deligne-Mumford. Since quot schemes
are projective, and moduli spaces of stable maps to projective schemes are
projective, the moduli spaces 75 ’quOt(C’, X, d) have projective coarse mod-

uli spaces and so are proper. ([l

Next we show the valuative criterion for universal closure in the case that
the scalings go to infinity. This is a combination of properness for stable
maps to the targets, its quotient, and removal of singularities for bundles on
surfaces.

Theorem 10.3. Given a family of scaled Mundet-semistable gauged maps
over a punctured curve S with finite scaling §

(Pvévua§>5) =8 :?— {OO}
there exists an extension over S, after étale cover.

Proof. It suffices, by the Lemma 10.2, to consider the case that the scaling
§ becomes infinite. We first consider the case that C 2 C. There are three
steps, in which we construct the central fiber curve and a scaled gauged map
by stages. First we construct a limit

éo)g/G - C, vgg//G : égg//G — X/G, 2z, C CO{/G
by properness of the moduli space of stable maps to X//G. However, the
limiting domain (fif;// “ is not the one we want because there may be bub-
bling in X that is not captured by bubbling in X//G. Forgetting some of
the components of éo)i/ “ and using removal of singularities for bundles on
surfaces gives a curve and map
éBg—>C, ¢:égg—>BG

where the map ¢ is a classifying map for an extension of the bundle P over
Cpa. Then we apply properness of the moduli stack of sections of P(X) to
obtain the desired limiting curve

Coo = C, Uso:Coo — P(X), Jog:Coo — Pwe /o ®Op. )y Zoo C Cooy-
Here are the details:

Step 1: Construct the part with infinite scaling. We first introduce the
following notation for the maps to the git quotient. By definition of k(d)
and Lemma 6.3, the maps u : C' — P(X) are generically semistable, and so
defines a curve and map
CXIG .=y ' P(X%) £ 0, o9 = (WG cNE 5 X)G).
By properness of X /G, uX/C extends to a family of stable maps with domain
C x S. Order the base points so that they give sections
Gi:S—=C, GS)CcP(X™),i=1,...,1.

Denote by zU( : S — C™ ! the family of sections obtained by adding the
base points and removing duplicates; that is, after restricting to an open



44 EDUARDO GONZALEZ, PABLO SOLIS, AND CHRIS T. WOODWARD

subvariety we may assume that any two sections that coincide in one fiber,
coincide everywhere; then we just remove one of the duplicate sections.
Because the domain is irreducible, the datum (C, uXIG U (,0) is a stable
scaled map to the smooth Deligne-Mumford stack X//G.

Properness for the moduli space of scaled maps with trivial group action
in Proposition 8.1 implies that the family extends over the central fiber:
Since M,,1(C, X//G,d) is proper, the map uX/G extends over the central
fiber to a stable scaled map

(@O{//G = C, w9 CHC - X)G, 2, UC, 500) :

In particular, the markings goo lie on the locus of éﬁf/ “ with finite scaling
GG — 57 (Dao).

o

Step 2: Construct the part with finite scaling. Let T' be the combinatorial

type of the limit Cg/ “in the previous step and I the combinatorial type
éo’i// ¢ on which the scale 5\@0‘)2// “is
zero. More precisely, choose a family of sections S — (c}fi// G)k taking values
in the locus with non-zero scaling with the property that the components
with non-zero scaling become stable. By e.g. Behrend-Manin [7, Lemma

3.12], there exists a proper family égc of stable curves with a morphism

obtained by forgetting the components of

from CES/ ¢ collapsing the components with zero scaling. The family éf;G
consists of a collection of components on which the scaling is finite and
non-zero, or infinite, with a morphism

p: CXIG , BE.
The scaling d is finite at the base points ¢ ., and markings z,. The image
of the base points ¢ under the morphism ¢ are denoted QOB;G = (¢ )
The points ¢ OBO @ are no longer necessarily distinct from each other and the
markings. Because the scalings 650// ¢
finite at QZG, that is, 5£G(§OBOG) < 0. In particular, all of the points gic
are non-singular, since the only nodes in CZ¢ are contained in (62¢)~1(c0).
Removal of singularities for bundles on surfaces implies that the bundle
extends over the central fiber. The morphism w*/¢ induces an extension

of the bundle P£G over the complement of the base points gfoG, given by
pull-back of

PR -5 CJ6 — (86, PG = (uXIOIORC - PO (X™ - X™/6)

X/|G

under usg . By construction, the points (; o are non-singular points in

are finite at ¢ oo the scalings 5£G are

C’O%G. By removal of singularities for bundles Theorem 10.1, the bundle
PBG _ CBC given by PBY over the central fiber has a unique extension over
the points (; . This implies the existence of a limiting bundle P, — cB¢
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with classifying map
boo : CBY = BG, Py = ¢’ (EG — BQ).

Denote by CBG the resulting family over C*, and P the resulting bundle
over CBG,

Step 8: Construct the full limit. In the last step we apply properness for the
moduli stack of stable sections. The associated fiber bundle P(X) — CP¢ is
projective, since X is projective and CBG is projective. Then it follows from
properness of stable maps to P(X) that there exists a limit s : Coo — P(X)
extending u. The scaling naturally extends to a scaling d,, possibly after
adding additional components with finite scaling and trivial maps.

We check that the limit constructed above satisfies the axioms of a stable
scaled gauged map. The monotonicity condition on the scalings is guaran-
teed by the description of the one-form in (7). Furthermore, on the locus
51 (D), the map u, agrees with the pull-back of uif/ “ and so takes values
in the semistable locus. The locus §~*(Dp) is a union of components that
map to points in CZ&. This implies that bundle P is trivial on 6~ (Dy). Fi-

nally, the inequality 0(2; ) < 00 is automatically satisfied since the scaling

on éﬁf/ % is finite at the markings, and the forgetful map maps all compo-
nents with zero scaling to loci where the scaling is finite. Each component
on which the scaling and gauged are trivial has at least three special points,
since the limit uy, is a stable section. Each component with finite, non-zero
scaling has at least two special points contains either the limit of a marking
or a base point. If trivial such a component is attached to a component
with trivial scaling, and so has at least two special points. Finally each
component with infinite scaling occurs in the domain v*/¢ and so has at
least three special points.

Finally we consider the general case that domains of the family are nodal.
That is, we have a family of gauged maps (P,C, u, z,8) — S = S —{co} such
that every C, is a nodal projective curve. In this case we repeat the first two
steps for the family obtained by restricting to the root component Co c C.
In the last stage, properness for stable maps to P(X) implies the existence
of a limit of u : ¢ — P(X). O

Almost exactly the same argument shows that the moduli stack of affine
gauged maps is universally closed:

Lemma 10.4. Given a family of stable affine gauged maps over a punctured
curve S,

(P,é,u,g,é) — 9 :=8—{}
there exists an extension over S, after étale cover.
We use this and the statement of the Lemma above, which dealt with

irreducible domain, to prove universal closure of the moduli space of scaled
gauged maps:
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Theorem 10.5. The moduli stack MS(C,X) is universally closed.

Proof. Let (P, C,v,z, §) = S =S — {oo} be a family of scaled gauged maps
over a curve S. We may assume that either § is finite or infinite on the
root component Coforalls € S , after possibly replacing S with an open
subscheme. In the finite case, the existence of a central extension over the
central fiber follows from 10.3. In the infinite case, the central fiber is a
collection of affine gauged maps and maps to X /G by glulng at the nodes.
That is, the curve C is a union of components C = C’o UCyU...C, where Co
is a family of curves with infinite scaling and C’l, cee C, are famlhes of affine
scaled curves. By Lemma 10.4, the restriction of the families (P, C,v,z, 0)
to C1, ..., C, have extension over the central fiber. Similarly properness of
the moduli stack of stable maps to X//G implies the existence of a limit of
the restriction of the family to Cy. By closure of the diagonal, these families
glue together to a scaled gauged map on the central fiber. ([

11. SEPARATION

In this section we check the valuative criterion for separatedness. This is
again a combination of separatedness of the moduli stack of stable maps to
the target, its quotient, and uniqueness of extensions on bundles on surfaces.

Proposition 11.1. Fori = 0,1 let v* := (C” — S, P Clul: CF
X/G,8 2 S — C”") be families of stable scaled gauged maps over a cume
S that are zsomorphzc over the punctured curve S = S — {oo}. Then v° is
isomorphic to v over S.

Proof. Again this follows from a three-step process, in which we show that
the maps agree on parts of the limit corresponding to infinite, finite, and
zero scaling.

Step 1: The maps agree on the part with non-zero scaling. First we introduce
for notation the induced map to the git quotient. Let C X/G denote the
union of components C’, with infinite or finite, non-zero scaling &%_|C’,. The

,X/)G by

inverse image of the semistable locus X //G is dense in C% Lemma 6.3.

By properness of the stack X//G we obtain maps
ubXIG XG5 X )G.

We would like to apply separatedness for the moduli stack of stable scaled
maps to the git quotient to show that these maps are isomorphic. However,
the maps ué’ox// ¢ may not be stable since they may contain unstable com-
ponents. To remedy this, choose an ample invariant divisor D C X as in
(9). Let ¢ = u='(P(D)) denote the points mapping to P(D). Consider
the scaled curve to X//G given by (u"*/¢ §%, 20 U ¢') where 2 U ¢? denotes
the union obtained by adding the intersection points with the divisor and
deleting duplicates and nodes. After restricting to an open subscheme of



PROPERNESS FOR SCALED GAUGED MAPS 47

S containing the central fiber, we may assume that z' U ¢ are distinct,
non-singular points. B

We claim that the tuples constructed in the previous paragraph are stable
scaled maps. Any component of C? with finite, non-zero scaling that becomes
a unstable component after passing to X//G must either be stable, or cor-
respond to a map to X/G that lies generically in a fiber of X* — X% /G.
Such maps always intersect D since D is ample. Hence any such component
has at least two special points and a non-trivial scaling, and so is stable.

Separation for the moduli stack of stable scaled maps to the git quotient
implies that the central fibers are isomorphic: By Proposition 8.1 there
exists an isomorphism

(31) (%X C0NE & x )G, 822U
o (uééX//G . é;(,)X//G N X//G, 51,§1 Ugl)'

Step 2: The limits agree on the part with non-zero scaling. This step is an

application of uniqueness of removal of singularities for bundles on surfaces

in Theorem 10.1. Let é&X/ @ denote the curves from Step 1. The classifying
maps ¢; : é&X/ Y _ BG are isomorphic (that is, the corresponding bundles

are isomorphic) except at finitely many non-singular points, the base points,

X/G

since the maps u; agree. Furthermore, the base points ¢, are contained

in components of éégx/ ¢ with infinite scaling, since D contains the unsta-

ble locus X". By uniqueness of the completion of bundles on surfaces in
Theorem 10.1, the bundles Py, P, are isomorphic over C»¥/C.

Step 3: The limits agree entirely. Finally we apply separatedness for families
of stable sections to show that the limiting sections are isomorphic. Sepa-
ration of stable maps to Py (X) where Py := P, 50.X/G implies that there

exists an isomorphism,
(0 C” = Poo(X),2%) = (u' : €' — Po(X), 2).

Since the scaled curves appearing in the limit already agree, this implies
that the stable scaled maps

(C"—=5,P—=Cu:C" = P(X),6,2: 8= C"), i=0,1

are isomorphic.
The existence of a unique limit in the case of a family with infinite scaling
is similar and left to the reader. O

This proves the valuative criterion for separatedness. Universal closure
and of finite-type was shown in previous sections. This completes the proof
of properness of ﬂil(c, X,d) in Theorem 1.1. Finally we complete the
proof of the properness of moduli stacks of affine gauged maps.
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Corollary 11.2. For any E > 0, the union of moduli stacks of affine gauged
maps ﬂil(A,X, d) with (d,c§ (X)) < E is proper.

Proof. The proof is by an embedding argument. The stack ﬂil(A,X ,d)

embeds in HS(C, X, y) as follows: Given an affine gauged map (Cp, d, z, u)
and a point z € C define € := (Co LI C) /(29 ~ z) and extend the map u so
that it is constant on the root component Cp = C. Since any closed substack
of a proper stack is proper, ﬂil(,&, X, d) is proper. O

Remark 11.3. (Convex targets) We conclude by describing results for convex
targets: For the moduli stack of gauged maps to a convex variety X defined
in Section 5.5, the conclusion of Theorem 1.1 also holds. As explained in
Corollary 5.7, Mundet stable maps to X are equivalent to maps to X as
long as the linearization X is chosen so that the linearization is obtained
from X (1) for I sufficiently large.

Conversely, for any class d which pairs trivially with the class of the
divisor at infinity, affine gauged maps to X /G and maps to X//G of class d
are equivalent: the intersection number between the map and divisor is zero
and any such map cannot have a component mapping entirely to the divisor.
In the case of maps to the quotient, any point in X is unstable for X (1) for
[ sufficiently large, and so X //G is isomorphic to X//G. It follows that the

inclusion MS 1(C,X) = M, (C, X) is an isomorphism, as claimed, and in
particular the union of components Mf 1(C, X, d) with £(d) < E is proper
for any energy bound F > 0.

12. TABLE OF NOTATION

This section contains a table of the notations for the different moduli
stacks of stable maps to quotient stacks used in the paper.

Notation Moduli stack Page Number
Mg n(X) Stable maps of genus g with n markings 19

M, (C, X) Mundet-semistable gauged maps with n markings | 28

M, (C, X)G) Stable sections of C' x X//G — C 3

ﬂf ’quOt’leV(C’, X) | Gauged maps with level structure 25

ﬂf ’quOt(C, X) Quot-scheme compactification of gauged maps 25

ﬂf (A X) Scaled affine gauged maps 35

Hn,l(c, X) Scaled gauged maps with domain C, n markings | 34
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