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ABSTRACT

We introduce the process of symplectic reduction along a submanifold as a uniform
approach to taking quotients in symplectic geometry. This construction holds in the cat-
egories of smooth manifolds, complex analytic spaces, and complex algebraic varieties,
and has an interpretation in terms of derived stacks in shifted symplectic geometry.
It also encompasses Marsden—Weinstein—Meyer reduction, Mikami—Weinstein reduc-
tion, the pre-images of Poisson transversals under moment maps, symplectic cutting,
symplectic implosion, and the Ginzburg-Kazhdan construction of Moore—Tachikawa
varieties in topological quantum field theory. A key feature of our construction is a con-
crete and systematic association of a Hamiltonian G-space M s to each pair (G, S),
where G is any Lie group and S C Lie(G)* is any submanifold satisfying certain non-
degeneracy conditions. The spaces Mg s satisfy a universal property for symplectic
reduction which generalizes that of the universal imploded cross-section. Although these
Hamiltonian G-spaces are explicit and natural from a Lie-theoretic perspective, some
of them appear to be new.
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1. Introduction

1.1 Informal context

Noether’s approach to symmetries and conserved quantities in classical mechanics naturally gives
rise to quotient constructions in symplectic geometry. The most basic of these constructions is
Marsden—Weinstein—-Meyer reduction [Mey73, MW74] for Hamiltonian Lie group actions, a cor-
nerstone of symplectic geometry [GS82a, SLI1, Sjad5, MS99] with wide-ranging implications for
algebraic geometry [AB83, Kir84, Hit87, Los09] and geometric representation theory [KKS78,
Nak98, EG02, GG04, BFMO05, BFN19, Bal21]. This construction applies to a Hamiltonian
G-space, i.e. a symplectic manifold M equipped with a Hamiltonian action of a Lie group G
and a moment map pu: M — g*, where g is the Lie algebra of G. Each element £ € g* has a
G-stabilizer G¢ C G and determines a topological quotient

Ml G = p~'(€)/Ge, (1.1)

called the Marsden—Weinstein—Meyer reduction of M by G at level £. The space M//é Gis a
symplectic manifold under certain hypotheses.

Motivated by recent advances in topological quantum field theory [MT12, GK], we intro-
duce and study a generalization of Marsden—Weinstein—Meyer reduction. Our starting point is
the work of Mikami-Weinstein [MW88], which defines the notion of a Hamiltonian action of
a symplectic groupoid G = X on a symplectic manifold M with moment map u: M — X.
These authors proceed to define the symplectic reduction M)/, G == u~1(z)/G, of M by G at
level z € X, where G, is the isotropy group at x. Our construction upgrades the level x € X and
subgroup G, C G to a submanifold S C X and subgroupoid Gg C G, respectively, in such a way
that the quotient M /s G == u~'(5)/Gs is a symplectic manifold.

The equivalence between usual Hamiltonian G-spaces and Hamiltonian spaces for the cotan-
gent groupoid T*G = g* (see [MW88]) then allows us to generalize (1.1) by replacing the level
¢ € g* with a submanifold S C g*. In other words, given a Hamiltonian G-space M with moment
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map u: M — g*, we obtain a notion of symplectic reduction
M/ls G = pu~'(5)/Gs (1.2)

of M by G at level S C g*, where Gg is a certain subgroupoid of T*G determined by S. As with
(1.1), the space (1.2) is a symplectic manifold under reasonable hypotheses. As Gg replaces the
stabilizer subgroup G¢ in (1.1), we call it the ‘stabilizer subgroupoid’ of S.

To be somewhat more precise, let us address the class of submanifolds S C X for which our
construction can be performed; these are the so-called pre-Poisson submanifolds of X, as defined
and studied by Cattaneo and Zambon [CZ07, CZ09]. Poisson transversals and Poisson submani-
folds are automatically pre-Poisson, and there is a reasonable sense in which generic submanifolds
of X are pre-Poisson. At the same time, each pre-Poisson submanifold S C X canonically deter-
mines a Lie subalgebroid Lg — S of the Lie algebroid of G. The notion of a stabilizer subgroupoid
for S is then transparent; it refers to any isotropic immersed Lie subgroupoid H = S of G inte-
grating Lg. One has a non-empty, discrete family of stabilizer subgroupoids for .S, exactly one
of which is source-connected and source-simply-connected (ssc).

Our generalization of Marsden—Weinstein—Meyer reduction amounts to the topological
space

M[lg3 G = p(S)/H

being a symplectic manifold under reasonable hypotheses, where p: M — X is the moment
map. Any two source-connected choices of H = S yield the same quotient M //S,H g, allowing us
to define

M/l G = M|//g4 G for any source-connected H = S. (1.3)

We use the nomenclature symplectic reduction along a submanifold for the construction described
in these last two sentences. In very general terms, the following are some features that it enjoys.
The reader is referred to § 1.2 for more precise descriptions of these features.

Categories. Our construction has analogs in the categories of complex analytic spaces, com-
plex algebraic varieties, and derived Artin stacks, all of which are developed and proved in this

paper.

Relation to other constructions. Several well-studied quotient constructions in symplec-
tic geometry can be realized as special cases of symplectic reduction along a submanifold.
Such constructions include Marsden—Weinstein—-Meyer reduction, Mikami—Weinstein reduction
for Hamiltonian symplectic groupoid actions [MWS88], the pre-images of Poisson transversals
under moment maps [Bie97, FM17, CR20, CP21], and the Ginzburg—Kazhdan presentation [GK]
of Moore-Tachikawa varieties [MT12]. We also find that symplectic cutting [Ler95, LMTW9S,
Weill, MT12, FR16] and symplectic implosion [GJS02, DKS13, DKR16, Saf17] may be described
more simply as reduction along a polyhedral set and reduction along a closed Weyl chamber,
respectively. Our work also has an interpretation in shifted symplectic geometry [PTVV13] as a
derived intersection of two Lagrangians.

Universal reduced spaces. Our construction yields a very simple, systematic, Lie-theoretic
technique for producing Hamiltonian Lie group spaces. One begins with a Lie group G
and pre-Poisson submanifold S C g*, e.g. S could be any G-invariant submanifold or any
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Poisson transversal. If the pair (G, S) satisfies some non-degeneracy conditions, we show that it
determines a universal Hamiltonian G-space Mg g; the precise meaning of ‘universal’ is given in
§1.2.

We realize several Hamiltonian G-spaces in this way, including products of coadjoint orbits,
open Moore-Tachikawa varieties [Bie21, GK], universal imploded cross-sections [GJS02], and
some spaces that appear to be new. We also show Mg g to be a symplectic groupoid when
S C g* is G-invariant and appropriate non-degeneracy conditions are imposed.

Remark 1.1. Some follow-up work (by Balibanu and Mayrand) will address a few general-
izations of our construction in the smooth category; it will concern Hamiltonian actions
of quasi-symplectic groupoids on Dirac manifolds, as well as quotients by more general
subgroupoids.

1.2 Statement of main results
We now give precise formulations of our main results.

1.2.1 The smooth category. Let (X,o) be a Poisson manifold with Poisson bivector field
o:T*X — TX. A submanifold S C X is called pre-Poisson if o~1(T.S) N T'S° has constant
rank over S, where T'S® C T* X is the annihilator of T'S C T'X. Any symplectic groupoid G = X
has the property that X is Poisson, and we may therefore consider a pre-Poisson submanifold
S C X. One then has a Lie subalgebroid

Ls =0 Y(TS)NTS°

of the Lie algebroid of G = X. We use the term stabilizer subgroupoid of S for any isotropic Lie
subgroupoid! H = S of G = X having Lg as its Lie algebroid.

On the other hand, Mikami and Weinstein [MW88] define what it means for G = X to act in
a Hamiltonian fashion on a symplectic manifold (M, w). Any stabilizer subgroupoid H = S then
acts on N = p~1(9), where y: M — X is the moment map realizing the Hamiltonian action
of G = X on M. We call the quotient topological space

M[ls2,G = N/H

the symplectic reduction of M by G along S with respect to H. This space features in the following
result.

THEOREM A (Smooth category). Suppose that a symplectic groupoid G = X acts on a sym-
plectic manifold (M,w) in a Hamiltonian fashion with moment map p: M — X. Let H = S
be a stabilizer subgroupoid of a pre-Poisson submanifold S C X and set N == pu~(S).

() Assume that S intersects p cleanly and that M /g, G = N/H has a smooth manifold
structure for which the quotient map m: N — M /g5, G is a submersion. The manifold
M [ls4, G then carries a unique symplectic form & for which

™0 =i*w,

where i : N — M is the inclusion map.

(ii) If H acts freely on N, then S is transverse to u. The hypotheses of part (i) are therefore
satisfied if H acts freely and properly on N.

(iii) Let o : T*X — TX denote the Poisson bivector field on X. Assume that the hypothe-
ses of part (i) are satisfied and that S/H has a smooth manifold structure for which

1 Our convention is that a Lie subgroupoid is a Lie groupoid with a possibly non-injective immersion; see §2.2.
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the quotient map p:S — S/H is a submersion. The manifold S/H then has a unique
Poisson structure satisfying the following condition: if x € S, f,g are smooth functions
on S/H defined near p(x), and F,G are smooth functions on X defined near x with
dF(o(TS°)) =0=dG(c(TS°)), then

p{f atsn=1{F.G}xls.
Furthermore, the moment map p : M — X descends to a Poisson map M [/q 4, G — S/H.

This result appears in the main text as Theorems 2.14, 2.20, and 2.24.

Let us suppose that S = {x} is a singleton and that H is the isotropy group at z. In this
case, M [/g4, G is precisely the Mikami-Weinstein reduction of M at level z (see [MWS8]). In
other words, Mikami—Weinstein reduction is a special case of Theorem A. The same is there-
fore true of Marsden—Weinstein—-Meyer reduction, as it is a special case of Mikami—Weinstein
reduction.

It is also illuminating to apply Theorem A in the case of a Poisson transversal S C X. The
trivial groupoid H == S is then a stabilizer subgroupoid of S in G, and one obtains the symplectic
submanifold M //g 4, G = p1(S) C M.

1.2.2 The complex analytic and algebraic categories. Theorem A and its consequences have
natural counterparts in the category of complex analytic spaces. To this end, call a complex
analytic space (X,Ox) Poisson if Ox is a sheaf of complex Poisson algebras. Now assume
that X is a holomorphic Poisson manifold and denote its Poisson bivector field by ¢ : T*X —
TX. We call a complex submanifold S C X a pre-Poisson complex submanifold if o=(T'S) N
T'S° has constant rank over S. The base space of a holomorphic symplectic groupoid G = X
is a holomorphic Poisson manifold, in which context we may consider a pre-Poisson complex
submanifold S C X. In analogy with §1.2.1, we may define what it means for H = S to be
a holomorphic stabilizer subgroupoid of S. Hamiltonian actions are also defined analogously,
i.e. one has an analogous notion of G = X acting on a holomorphic symplectic manifold M
in a Hamiltonian fashion with moment map u: M — X. Let us assume that N = u~1(S) is
reduced. Let us also consider a complex analytic quotient w: N — @ of N by H; by this, we
mean that ¢ is a complex analytic space, that 7 is holomorphic, and that the canonical map
Og — (1,On)™ is an isomorphism. We refer to Q as the symplectic reduction of M by G along
S with respect to H and m and write

Mgy, 9= Q.
These considerations yield the following counterpart of Theorem A.

THEOREM B (Complex analytic category). Let a holomorphic symplectic groupoid G = X act
on a holomorphic symplectic manifold (M,w) in a Hamiltonian fashion with moment map p :
M — X. Suppose that H = S is a holomorphic stabilizer subgroupoid of a pre-Poisson complex
submanifold S C X and that N := p~1(S) is reduced. Let us also suppose that 7 : N — Q is a
complex analytic quotient of N by H.

(i) Ifp € N and f € Og x(p), then there exists F' € Oy, satisfying 7 f = F|y and dF(TN®) =
0, where T'N“ is the annihilator of TN with respect to w.

(ii) The complex analytic space @ has a unique Poisson structure with the following property:
ifpe N, f,9 € Og ), and F,G € Oy, satisty 7 f = Fly, m*g = G|n, and dF(TN¥) =
0 =dG(TN*), then

m{f.9}q = {F, Gluln.
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(iii) Assume that there exists p € N such that dm, is surjective, 7~ 1(m(p)) is an H-orbit, and
m(p) is a smooth point of ). The Poisson structure in part (ii) is then non-degenerate on
an open dense subset of the smooth locus of () containing 7(p).

(iv) Suppose that S intersects u cleanly, and that the topological quotient () = N/H has a com-
plex manifold structure such that w : N — @ is a holomorphic submersion. The Poisson
structure on @ is then induced by a holomorphic symplectic form @w satisfying

™0 = i*w,

where i : N — M is the inclusion map.

(v) If H acts freely on N, then S is transverse to p. The hypotheses of part (iv) are therefore
satisfied if H acts freely and properly on N.

(vi) Let o : T*X — TX denote the Poisson bivector field on X. If p: S — R is a complex
analytic quotient of S by H, then there is a unique holomorphic Poisson structure on R
such that

p{if,9tr ={F,G}xls

for all €S, f,9€ Opynm), and F,G € Ox, satisfying p*f = Fls, p*g = Gls, and
dF(o(TS°)) =0=dG(c(TS°)).

(vii) Assume that the hypothesis of part (vi) holds. If p: M — X descends to a holomorphic
map [i : Q — R, then [i is Poisson with respect to the Poisson structures in parts (ii) and
(vi).

This result appears in the main text as Theorem 3.10, Propositions 3.14, 3.15, and
Theorem 3.16.

Theorem B has incarnations in complex algebraic geometry. The setup is entirely analogous
to that outlined in the paragraph preceding Theorem B; one simply replaces each complex ana-
lytic notion with its algebro-geometric counterpart, e.g. holomorphic symplectic groupoids with
algebraic symplectic groupoids, holomorphic Poisson manifolds with smooth Poisson varieties,
and complex analytic quotients with algebraic quotients.? The algebro-geometric definition of
M //Sﬂ’7r G is then analogous to that given in the complex analytic setting.

THEOREM C (Complex algebraic category). Let an algebraic symplectic groupoid G =% X act on
a symplectic variety (M,w) in a Hamiltonian fashion with moment map p: M — X. Suppose
that H = S is a stabilizer subgroupoid of a pre-Poisson subvariety S C X and that N = u~'(S)
is reduced. Suppose also that m: N — () is an algebraic quotient of N by ‘H. Let O3 denote
the structure sheaf of M as a complex analytic space.

(i) If pe N and f e Og
dF(TN¥) =0.

(ii) The variety () has a unique algebraic Poisson structure with the following property: if
PEN, f,9 € 0qnrp), and F,G € Of , satisfy n*f = F|n, g = G|n, and dF(TN¥) =
0 = dG(TN¥), then

n(p), then there exists F in Of  satislying ™ f=F|y and

m{f,9tq = {F,G}luln-

(iii) Assume that there exists p € N such that dm, is surjective, 7~'(n(p)) is an H-orbit, and
7(p) is a smooth point of Q). The Poisson structure in part (ii) is then non-degenerate on a
Zariski-open subset of the smooth locus of Q) containing m(p).

2 We refer the reader to Definition 5.1 for the precise meaning of this term.
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Theorem C appears in the main text as Theorem 5.3.

1.2.3 Symplectic reduction by a Lie group along a submanifold. Our results have implications
for classical Hamiltonian G-spaces in both the smooth and complex analytic categories, where
G is any real or complex Lie group with Lie algebra g. We develop the implications for smooth
Hamiltonian G-spaces in parallel with those for holomorphic Hamiltonian G-spaces, allowing
context to resolve any ambiguities that this may create.

Recall the identification of Hamiltonian G-spaces with Hamiltonian spaces for the cotan-
gent groupoid T*G = g* described in [MW88] and mentioned in §1.1. This gives rise to the
notation

for the reduction of a Hamiltonian G-space M along a pre-Poisson submanifold S C g* with
respect to a stabilizer subgroupoid H = S in T*G. As per (1.3) and the discussion preceding it,
we may write

M/l G = M//g4, G for any source-connected H = S.

On the other hand, we call the pair (S, H) a clean reduction datum if it satisfies the hypotheses
of Theorems A(i) or B(iv). Note that M //g,, G is a symplectic manifold in this case.
One may specialize this discussion to the Hamiltonian G-space M = T*G, where G acts on
T*G by right translations. Let us begin by considering
Masn =T"G //S,H G and Mgg:=Mggsn for any source-connected H = S.

Note that Mg s is a symplectic manifold if (S,H) is a clean reduction datum for the right
translation action of G on T*G. In this case, the left translation action descends to a Hamiltonian
G-action on Mq 57, i.e. Mq 5 is a Hamiltonian G-space. Part (i) of the following result justifies
our calling Mg s the universal reduced space associated to (G, S, H).

THEOREM D (Reduction by a Lie group). Let S C g* be a pre-Poisson submanifold.

(i) Suppose that (S,H) is a clean reduction datum for both a Hamiltonian G-space M and the
right translation action of G on T*G. We then have a canonical symplectomorphism

Mg, G= (M X Mg 53/ G,

where M, ¢4, is Mg s with the negated symplectic form, G acts diagonally on M x
M. g4 and [fy denotes Marsden—Weinstein—Meyer reduction at level 0.
(ii) Suppose that the Lie subalgebroid Lg = o~ Y(T'S) N T'S° C T*g* is contained in the kernel

of the Kirillov—Kostant—Souriau Poisson structure o : T*g* — T'g*. The subspace
be = (Te5)° N ge
is then a Lie subalgebra of g for all £ € S, where (T¢S)° C g is the annihilator of T¢S C g*
and g¢ C g is the centralizer of {. Furthermore, we have
Ls={(z,§) € gxS:ae€he}.

(iii) Retain the hypothesis of part (ii). Let H¢ C G be the connected Lie subgroup with Lie
algebra b¢ for all £ € S, and suppose that

H:={(9,§) € GxS:g¢€ He}

is closed in G x S. The subset H is then a stabilizer subgroupoid of S in T*G = g* if one
uses the left trivialization to identify T*G with G x g*.
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(iv) Suppose that S is a G-invariant submanifold of g*. The hypothesis of part (ii) is then
satisfied. Let us also assume that the hypotheses of part (iii) are satisfied. Then (S, H) is
a clean reduction datum for the right translation action of G on T*(G, and the symplectic
manifold Mg s inherits the structure of a symplectic groupoid integrating S.

Theorem D appears in the main text as Proposition 4.10 and Theorems 4.11, 4.17, and 4.21.
We proceed to obtain the following specific examples of universal reduced spaces.

THEOREM E (Specific examples of universal reduced spaces). Let G be a connected complex
semisimple Lie group with Lie algebra g.

n

(i) If G is of adjoint type, S C g* is a principal Slodowy slice, and A, S C (g*)" is the diag-
onally embedded copy of S, then Magn a,s is the nth open Moore-Tachikawa variety. Its
affinization is the nth Moore—Tachikawa variety constructed by Ginzburg—Kazhdan, and
the Poisson structure on this variety can be recovered from Theorem C.

(i) If (gi,)° is the set of subregular semisimple elements in g*, then

Ma e = || G/IGe G,
£e(gi,)°

where G¢ is the G-stabilizer of § € g*. Furthermore, this space has the structure of a holo-
morphic symplectic groupoid integrating (gt )°. Its symplectic form, Hamiltonian G-action,
and groupoid structure are described in Example 4.36.

Theorem E appears in the main text as Example 4.36 and Theorem 5.10.

A few brief comments are warranted. We first note that the stabilizer subgroupoid used
to construct Man A,s is a genuine group scheme, i.e. a group scheme whose fibers are not all
isomorphic to one another. This contrasts with the more familiar construction of reduced spaces
as quotients by Lie group actions. The Ginzburg—Kazhdan construction of Moore—Tachikawa
varieties thereby inspired much of the setup in this paper. In particular, this construction was
the main motivation for our work.

Our second comment is that Theorem E(ii) holds in greater generality; one can reduce
along any decomposition class D C g* (see [BK79]) and obtain an explicit description of the
Hamiltonian G-space Mg p. The Hamiltonian G-spaces Mg p do not seem to appear in the
literature.

1.2.4 Ezamples of symplectic reduction along a submanifold. In addition to Marsden—
Weinstein—Meyer reduction, Mikami—Weinstein reduction, and the pre-images of Poisson
transversals under moment maps, we realize each of the following as special cases of symplectic
reduction along a submanifold. Retain the notation used in § 1.2.3 and identify T*G with G x g*
via the left trivialization as appropriate. Write G¢ for the G-stabilizer of § € g*.

THEOREM F (General examples). Let G be a Lie group with Lie algebra g. Suppose that G acts
on a symplectic manifold M in a Hamiltonian fashion and with moment map p: M — g*.

(i) If O C g* is a coadjoint orbit, H = {(g,£{) € G x O : g € G¢}, (O,’H) is a clean reduction
datum, and O~ is O with the negated symplectic form, then M [/ 3, G = pH0)/G x O~.

(ii) If G is compact and connected and t} C g* is a closed fundamental Weyl chamber, then
M //t’; G is the imploded cross-section of M.

(iii) If G =T is a compact torus and P C g* =t* is a polyhedral set, then M//p, T is the
symplectic cut of M with respect to P.
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Although 7 and P are not submanifolds, each is stratified into pre-Poisson submanifolds.
This allows one to form each of M //ti G and M //p T on a stratum-by-stratum basis. We refer
the reader to Remark 2.17 for further details.

Theorem F appears in the main text as Propositions 4.26, 4.29, and 4.32.

1.2.5 Shifted symplectic interpretation. The notion of symplectic reduction along a subman-
ifold can be interpreted as a construction in shifted symplectic geometry [PTVV13] similar to
that for Marsden—Weinstein-Meyer reduction [Cal20, §2.1.2] and quasi-Hamiltonian reduction
[Saf16]. More precisely, we obtain it as a derived intersection of two Lagrangian morphisms
[PTVV13, Theorem 2.9] in the 1-shifted symplectic stack [X/G] associated to a symplectic
groupoid G = X. One consequence is that most of the assumptions of Theorem C can be dropped
at the expense of obtaining a derived stack [M //q ;, G| endowed with a O-shifted symplectic struc-
ture. This picture also explains the definition of a stabilizer subgroupoid, as shown by part (i)
of the following theorem.

THEOREM G (Shifted symplectic interpretation). Let G = X be an algebraic symplectic
groupoid.

(i) An algebraic subgroupoid H = S of G = X is a stabilizer subgroupoid of a pre-Poisson
subvariety if and only if the zero 2-form on S is a Lagrangian structure on the morphism
of quotient stacks [S/H] — [X/G].

(ii) Suppose that G = X acts on a symplectic variety M in a Hamiltonian fashion with moment
map i : M — X, and let H = S be a stabilizer subgroupoid of a pre-Poisson subvariety S
in G = X. We then have two Lagrangian morphisms [S/H] — [X /G| and [u] : [M/G] —
[X/G] on the 1-shifted symplectic stack [X/G], inducing a 0-shifted symplectic structure on
the derived fiber product

(M s 5 G) = [S/H] xx g [M/G).

This result appears in the main text as Proposition 6.1 and Theorem 6.2.

1.3 Organization

Our paper is organized as follows. Sections 2, 3, 4, 5, and 6 are based around the discussions,
proofs, and implications of Theorems A, B, D, C, and G, respectively. Theorem E is divided
between §§4 and 5, whereas Theorem F appears in §4. Each of the sections in this paper begins
with an outline of its content and structure. Section 6 is followed by a list of recurring notation
in our paper.

2. Main construction: smooth version

The present section is devoted to the discussion, proof, and implications of Theorem A. We begin
with an overview of the Lie groupoid-theoretic preliminaries in § 2.1. This leads to treatment of
pre-Poisson submanifolds and stabilizer subgroupoids in §2.2. The proofs of parts (i), (ii), and
(iii) in Theorem A then appear in §§2.3, 2.4, and 2.5, respectively. We conclude with § 2.6, which
briefly outlines some special cases of Theorem A.

2.1 Preliminaries
We begin by assembling the concepts and conventions needed to define and study symplectic
reduction along a submanifold.
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2.1.1 Actions of Lie groupoids. Let G = X be a Lie groupoid. We denote the source and
target maps by s: G — X and t : § — X, respectively. Our convention is that, given g, h € G,
the product gh is defined if and only if t(g) =s(h). The base X is identified as a subman-
ifold of G via the identity bisection 1: X — G. We say that G = X is an ssc Lie groupoid
if every fiber of s is connected and simply-connected. The Lie algebroid of G = X shall
be denoted Lie(G) and realized as the vector bundle (kerdt)|x — X with anchor map ds:
(kerdt)|x — TX.

Now consider a smooth manifold M, a smooth map p: M — X, and the fibered product

GoxuM :=A{(g,p) € G x M : t(g) = p(p)}.
Recall that an action of G = X on M with moment map p is a smooth map
GixuM — M, (9.p) — g-p;

such that u(g-p) =s(g), (9-h)-p=g-(h-p), and 1,4, -p=p for all p€ M and g,h € G for
which these expressions are defined. The G-orbit of a point p € M is the set

G-p={g-p:(9,p) € G x, M},

an immersed submanifold of M. The quotient of M by G, denoted M /G, is the space of orbits
with the quotient topology. We say that the action is free if g - p = p for (g,p) € G X, M implies
9 = 1,(p), and proper if the map

GxyM — M x M, (g,p)— (p,g-D) (2.1)

is proper. As for Lie group actions, if the action is free and proper, or more generally the image
of (2.1) is a closed embedded submanifold, then the quotient M /G is a topological manifold with
a unique smooth structure such that the quotient map M — M /G is a smooth submersion
[Mac05, Theorem 1.6.20].

2.1.2 Hamiltonian systems. Let us recall the notion of a Hamiltonian action of a symplectic
groupoid on a symplectic manifold, following Mikami—Weinstein [MW88].

A Poisson bivector field on a smooth manifold P is a bundle map o : T*P — TP such that
the bilinear map {f, g} := o(df)g on smooth functions f,g € C*°(P) is a Lie bracket. In this
case, we call the pair (P,o) a Poisson manifold. For a smooth function f on P, we denote by
X the Hamiltonian vector field Xy := o(df). We denote by P~ the Poisson manifold with the
opposite Poisson structure —o. We say that a submanifold Q C P is coisotropic if o(TQ°) C TQ,
where T'Q° is the annihilator of T'Q) in T*P.

A symplectic groupoid [CDW87, Wei87] is a Lie groupoid G = X together with a symplectic
form  on G, such that the graph

Ig :={(g,h,gh) : (g,h) € G x:G}

of multiplication is Lagrangian in G x G X G~. In this case, there is a canonical vector bundle
isomorphism Lie(G) = T* X given by

kerdt, — To X, v+— Q)|r,x (2.2)

for all x € X, where Q is viewed as a bundle map TG — T*G. The anchor map o : Lie(G) =
T*X — TX is then a Poisson bivector field on X such that the source and target maps are
Poisson and anti-Poisson, respectively.
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DEFINITION 2.1 (Mikami-Weinstein [MW88]). An action of a symplectic groupoid G = X on a
Poisson manifold M with moment map p : M — X is Hamiltonian if its graph

I':={(9,p,9) €G x M x M :t(g9) = pu(p) and ¢ = g - p}

is coisotropic in G x M x M ™. If the Poisson structure on M is induced by a symplectic form
w, we call (M,w),G = X, nu) a Hamiltonian system.

Remark 2.2. The moment map p: M — X of a Hamiltonian system is automatically Poisson
[MW88, Theorem 3.8]. Conversely, any Poisson map p: M — X from a symplectic manifold
M to a Poisson manifold X uniquely determines an action of the symplectic local groupoid
integrating X (see [CDW87, Chapitre III, Théoreme 1.1}).

Remark 2.3. Each Lie group G with Lie algebra g has an associated symplectic groupoid T#G =
g*. It has the property that Hamiltonian systems ((M,w),T*G = g*, u) are equivalent to the
more familiar Hamiltonian G-spaces. We refer the reader to §4.1 for further details.

2.2 Pre-Poisson submanifolds and stabilizer subgroupoids
For a submanifold S of a Poisson manifold (X, o), consider the subset of 7*X given by

Ls=o0"YTS)NTS°, (2.3)

where T'S° is the annihilator of T'S in T* X. Our reduction procedure is based on the following
class of submanifolds.

DEFINITION 2.4 (Cattaneo—Zambon [CZ07] and [CZ09, Definition 2.2]). A submanifold S of a
Poisson manifold (X, o) is called pre-Poisson if (2.3) has constant rank over S.

Remark 2.5. In [CZ07, CZ09], pre-Poisson submanifolds are defined by the condition that
o(TS°) + TS has constant rank. The two definitions are equivalent because (o(7'S°) +T1'S)° =
o (TS)NTS°.

Note that there is no constraint on the dimension of S. In fact, a generic submanifold is
pre-Poisson in the following sense.

PROPOSITION 2.6. For a generic point x € X, a generic subspace V C T, X, and an arbitrary
submanifold S C X with x € S and T,,S =V, S is pre-Poisson in a neighborhood of x.

Proof. The term ‘generic’ used in this statement refers to an element of some fixed open dense
set. The set of x € X such that ¢ has constant rank in a neighborhood of x is open and dense, so
this reduces to the case of a Poisson vector space (W, o). The proposition then follows from the
fact that the set of k-dimensional subspaces V' C W such that V' + ¢(V°) has maximal dimension
is open and dense in the Grassmannian of k-planes in W. ]

We have the following important result on pre-Poisson submanifolds.

THEOREM 2.7 (Cattaneo—Zambon [CZ09, Proposition 3.6 and Proposition 7.2]). Let G =% X be
a symplectic groupoid and S C X a pre-Poisson submanifold.

(i) The subset Lg of T*X given by (2.3) is a Lie subalgebroid of Lie(G) = T*X.
(ii) The ssc Lie groupoid Gs = S with Lie algebroid Lg is isotropic in G.

Part (ii) requires further explanation. First, recall that a Lie subalgebroid of an integrable
Lie algebroid is integrable [MMO02, Proposition 3.4]. It follows from part (i) that Lg integrates to
an ssc Lie groupoid Gg == S together with an immersion Gg — G (see [MMO02, Proposition 3.5]).
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The condition that Gg is isotropic in G then means that the pullback of the symplectic form on
G to Gg vanishes.

In this paper, we follow the convention that a Lie subgroupoid of a Lie groupoid G is a Lie
groupoid H together with a possibly non-injective immersion H — G that is also a Lie groupoid
homomorphism. The groupoid Gg = S in Theorem 2.7 is therefore an isotropic Lie subgroupoid
of G = S. These considerations motivate the following definition.

DEFINITION 2.8. Let G = X be a symplectic groupoid and S C X a pre-Poisson submanifold.
The Lie algebroid Lg defined in (2.3) is called the stabilizer subalgebroid of S. A stabilizer
subgroupoid of S in G is any (possibly non-source-connected) isotropic Lie subgroupoid H = S
of G = X with Lie algebroid Lg. The unique ssc stabilizer subgroupoid of S in G is denoted
gs = S.

Remark 2.9. (i) This terminology is justified by the fact that stabilizer subgroupoids generalize
stabilizer subgroups in Marsden—Weinstein—Meyer reduction, which we explain in §4.2.

(ii) By [CZ09, Proposition 7.2], any source-connected Lie subgroupoid H = S of § = X
with Lie algebroid Lg is isotropic, and hence a stabilizer subgroupoid. More generally, if H is
source-connected over an open dense subset of S, then it is isotropic.

(iii) On the other hand, a non-source-connected Lie subgroupoid H = S with Lie algebroid
Lg might not be isotropic. For example,® let X be a smooth manifold with the zero Poisson
structure 0 = 0. Then G = T*X with its canonical symplectic form is a symplectic groupoid
integrating X (see [CDW87, Ch. II, Example 3.3]). Consider S = X, so that Lg is trivial. For
any non-vanishing 1-form « on X,

H={ka, :z € X, ke Z}

is a Lie subgroupoid of G = T* X with Lie algebroid Lg = 0. However, the pullback of the canon-
ical symplectic form on T*X by a: X — T*X is da. It follows that H is isotropic if and only
if av is closed.

(iv) One explanation for the isotropy condition is that stabilizer subgroupoids are precisely
the Lie subgroupoids of G for which the map of quotient stacks [S/H] — [X/G] has a canonical
Lagrangian structure. This is explained in §6.

Another important result of [CZ09] is that pre-Poisson submanifolds can be embedded
coisotropically in Poisson transversals, as we now recall.

We begin by recalling that a submanifold Y of a Poisson manifold (X,o) is called a
Poisson transversal (or sometimes a cosymplectic submanifold) if Y intersects every symplectic
leaf transversally and in a symplectic submanifold of the leaf [FM17]. Equivalently, Y is Poisson
transversal if

TX|y =TY @ o(TY®).

In this case, Y inherits a canonical Poisson structure from X (see [FM17, Lemma 3]). To describe
this Poisson structure as a bivector field oy : T*Y — TY, note that the restriction of linear
functionals defines an isomorphism ¢~ }(TY) — T*Y. One then defines oy by oy (&) = o(£),
where ¢ is the unique element of o~Y(TY) mapping to £ € T*Y.

Cattaneo and Zambon [CZ09] prove that every pre-Poisson submanifold S of a Poisson
submanifold (X, o) can be embedded in a Poisson transversal Y C X such that S is coisotropic
inY (see [CZ09, Theorem 3.3]).

3 We thank Marco Zambon for pointing this out.
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2.3 Symplectic reduction along a submanifold
Let p: M — X be a smooth map between smooth manifolds. We say that a submanifold S C X
intersects u cleanly if u=1(S) is a submanifold of M satisfying

TP/JJ_1<S) = d/{'gl(Tu(p)S)
for all p € p=1(S). Recall that this condition is satisfied if S is transverse to u, i.e. if
Tup)S +imdpiy = Ty, X

for all p € u=1(5).

We are now equipped to begin proving Theorem A from the introduction. The main idea is
that for a Hamiltonian system ((M,w),G = X, u), pre-Poisson submanifold S C X, and stabilizer
subgroupoid ‘H = S, the distribution defined by the kernel of the restriction of w to u=1(S)
coincides with the orbits of the H-action. This result can be stated more generally for Poisson
manifolds.

THEOREM 2.10. Let G =% X be a symplectic groupoid acting on a Poisson manifold (M, ) in
a Hamiltonian way with moment map pu: M — X. Let S C X be a pre-Poisson submanifold
intersecting p cleanly, let H = S be a stabilizer subgroupoid of S in G, and let N == pu~1(S). We
then have

Tp,(H-p) =T,NN7(IT,N°)
for allp € N.

To prove this theorem, we begin with a few lemmas. Let ((M,7),G = X, u), H = S, and N
be as in Theorem 2.10.

LEMMA 2.11. We have
ToH = ds; (T,S) N dt; (T,S) N (T,S)%
for all x € S, where € is the symplectic form on G.
Proof. Let ¢ : (kerdt)|x — T*X be the isomorphism given by (2.2), so that
ogop=ds: (kerdt)|xy — TX.
Let z € S. The definition of H then implies that
ker dt, N TyH = ¢ (07 (T,S) N T,S°) = ker dt, N ds,; ' (T;,S) N TS
It follows that
ToH = TS @ (ker dt, N TpH) = TS @ (ker dt, N ds, *(T,S) N T,S%).
However, TS C T, S because X is Lagrangian in G, so
ToH = (TS @ (ker dt, Nds; (T,9))) N TS = ds; }(T,S) N dt; (T, S) N T, S%. O
Denote the action map by 1 : G x,M — M and the orbit map at a point p € M over
z = p(p) € X by
Yp:Gy — M, gr—g-p,
where G, :=t"!(z). If p € N, then T,(H - p) is the image of T,;H, under di,.
LEMMA 2.12. For all f € C*(X) and (g,p) € G xx M, we have
dipp(Xs-(9)) = Xy £ (9 - D).
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Proof. Consider the map
F:GxMxM™~—R, F(g,p,q) = f(s(9)) — f(u(q))-
The graph T of the action is coisotropic and F|p = 0, so X is tangent to I'. However,
dF = (d(s" ), 0, =d(u" f)),
so Xp = (Xs5,0,X,+5). Hence,
(Xs(9),0, Xy p (g - p)) = (u, v, dyp(u, v))

for some (u,v) € T(g,p)(g X x M), which implies that v = 0 and u = X (g). We conclude that
Xy (g - p) = dip(u,0) = dipp(Xs+ 5 (9))- O
LEMMA 2.13. Let x € S and v € T,,G. Then v € T,’H,, if and only if v = X ¢(x) for some f €
C*>(X) such that f|g =0 and Xy(x) € T, S.
Proof. By Lemma 2.11, we have
Ty Hy = ker dt, N ds; *(T,S) N (T,9)%. (2.4)

Let v = Xs«¢(x) be as stated. Then dt(v) =0 (see [MW8S8, Theorem 1.6(i)]), ds(v) = X¢(z) €
T, S because s is a Poisson map, and

(v, T,S) = df (ds(T,,S)) = df (T,.S) = 0.

Hence, v € T, H; by (2.4).

Conversely, let v € T, H,. By (2.4), we have dt(v) =0, ds(v) € T,,S and Q(v)|r,x € T,S°.
The latter implies that Q(v)|r, x = df; for some f € C*°(X) such that f|g =0. Then Q(v) =
df o ds, because T,G = T, X @ kerds, and (kerds,)® = kerdt. It follows that v = Xs¢(x) and
X¢(r) =ds(v) € T,.S. O

We now prove Theorem 2.10.
Proof of Theorem 2.10. To show that
Tp,(H-p) CT,NN7(IT,N°),
let x :== u(p) and v € T,’H,. Note that
u = dyp(v) € T,(H - p).

Then u € T, N because H acts on N. By Lemma 2.13, we have v = X« () for some f € C*(X)
with f|s =0 and X;(x) € T,.S, and by Lemma 2.12,

u = dipp(v) = Xy £ (p)-

However, du(X,-f(p)) = X¢(z) € T,;S since p is a Poisson map; this follows from [MWSS,
Theorem 3.8], as explained in [BC05, §4.2]. Hence, u € T,N. We also have

A D(T,N) = df (du(T,N)) € df(T,) = 0,
sou = X,«¢(p) € T(T,N°).
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Conversely, let v € T,N N 7(T,N°). As
T,N° = (du~!(T,9))° = dp*(T,.5°),
we have v = X« r(p) for some f € C*(X) with f|g = 0. We also have
Xy¢(x) = dp(v) € T,S.

We thus have Xs¢(x) € T, H, by Lemma 2.13 and v = dip(Xef(x)) by Lemma 2.12, so
v e T,(H - p). 0

The main theorem of this section is the following generalization of Mikami—Weinstein
reduction.

THEOREM 2.14 (Theorem A(i)). Let ((M,w),G = X, u) be a Hamiltonian system, S C X a pre-
Poisson submanifold, H = S a stabilizer subgroupoid of S in G, and N = p~1(S). Suppose that
S intersects pu cleanly and that N/H has the structure of a smooth manifold for which the
quotient map m: N — N/H is a smooth submersion. Then there is a unique symplectic form
w on N/H satisfying m*w = i*w, where i : N — M is the inclusion map.

Proof. We have ker dm, = T),(H - p) for all p € N by assumption. Hence, as in standard symplectic

reduction [MW74, MW88], it suffices to show that the distribution ker(i*w) = TN N TN“ on N
coincides with that induced by the H-orbits. This is precisely the content of Theorem 2.10. [

DEFINITION 2.15. Let ((M,w),G =2 X, i) be a Hamiltonian system. A reduction datum is a pair
(S,H), where S is a pre-Poisson submanifold of X and H = S is a stabilizer subgroupoid of S in
G. The quotient topological space u~1(S)/H is called the symplectic reduction of M by G along
S with respect to H and denoted

M g3, G = ' (S)/H.

We say that the reduction datum (.S, H) is clean if the assumptions of Theorem 2.14 are satisfied,
in which case M //S,H G is a symplectic manifold. If H is source-connected, we use the simplified
notation

Mg G = M//S,H g
and terminology symplectic reduction of M by G along S.

Remark 2.16. The quotient M //57H G depends on ‘H only up to its image in G. In particular,
M/ls3,G = M5, G for any source-connected stabilizer subgroupoid H of S in G. This explains
and justifies the simplified notation M //g G.

Remark 2.17. More generally, let S C X be a stratified space whose strata are pre-Poisson
submanifolds S; of X. For a collection of stabilizer subgroupoids H = (H; = S;);, we may define

M[ls7, G = U n(Si)/Ha,

and regard it as a topological quotient of x~!(S). This notion will be useful when discussing
symplectic implosion (§4.7) and symplectic cutting (§4.8).

Remark 2.18. Suppose that we had assumed H to be source-connected in Theorem 2.14. The
theorem could then be viewed as a special case reduction along a pre-symplectic submanifold,
i.e. a submanifold i : N < M such that i*w has constant rank. The distribution ker(i*w) C TN
would then necessarily be integrable, so that the leaf space would symplectic when smooth [GS84,
Theorem 25.2]. The essence of Theorem 2.14 is as follows: if u : M — X is a Poisson map, then
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for any pre-Poisson submanifold S C X, the leaves in N := y~1(S) are explicitly realized as the
orbits of a groupoid action.

2.4 A sufficient condition for smoothness
In the context of Marsden—Weinstein—-Meyer reduction, one knows that zero is a regular value
of the moment map if the Hamiltonian action in question is free. The goal of this section is to
generalize this classical fact to our setting.

Let ((M,w),G = X, u) be a Hamiltonian system, let (S, H) be a reduction datum, and let
N = pu~1(9).

PROPOSITION 2.19. Let p € N, let x = pu(p), and let p, : Hy, — N be the orbit map ypp(h) =
h-x. We have

TS +imdp, = (ker(dyp)z)°,
where ker(dyy), is viewed as a subspace of Ty X via the isomorphism (2.2).
Proof. Regarding ker(dyy), as a subspace of T, H, C T, G, the statement can be reformulated as
TS + imdp, = T X N (ker(dey)z) .
We prove this reformulated version in the following.
Lemma 2.11 tells us that
ker(dpp). C ToH C (T:59)Y,
S0
TS C T, X N (ker(dg,).)™.
To show that imdpu, C (ker(dpp).)%, let v € T,M and w € ker(dp,),. By Lemma 2.13, w =
Xgep(w) for some f € C°°(X) such that f|g =0 and Xy(z) € T,.S. Lemma 2.12 then shows that
X £(p) = dpp(w) =0, so d(p*f), = 0. It follows that
Qdu(v), w) = —df (ds(du(v))) = —df (du(v)) = 0.
It remains only to show that
1:5° N (imdpy)® C T, X° + Q(ker(dyp)),

where all annihilators are taken in T)}G. To this end, let £ € T,,5° N (im dp,)° and write &|7, x =
Q(v)|7,x with v € kerdt,. It then suffices to prove that v € T,’H, and dy,(v) = 0. We begin
by verifying that v € T, H,. First note that v € ker dt, N (7,,5). By Lemma 2.11, showing that
ds(v) € T,.S would suffice to prove that v € T,’H,. As u is Poisson, we have

ds(v) = o(&|r,x) = du(w™ (du* (€T, x))),

and the latter is 0 because & € (imdy,)°. It follows that v € T, H,. To show that dy,(v) =0,
first note that Lemma 2.13 implies that v = X« ¢(z) for some f € C°°(X) such that f|g =0 and
X¢(x) € T, X. However,

dfe = Qv)|7,x = &lr,x € (imdpy)°,
so d(p* f)p, = 0 and hence dy,(v) = X,=f(p) = 0 by Lemma 2.12. O
We then deduce the following sufficient conditions for M //S,H G to be smooth.

THEOREM 2.20 (Theorem A(ii)). If H acts freely on N, then S is transverse to u. Hence, if
the action of H on N is also proper, then (S, H) is a clean reduction datum and M //g4, G is a
symplectic manifold.
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Proof. This follows from Proposition 2.19 using the fact that ker(dy,), = 0 if H acts freely. O
Recall that the restriction of G to S is the topological groupoid
Gls =s1(S) Nt (9).
The following criterion will be useful for investigating the properness of the action of H on V.
PROPOSITION 2.21. If G acts properly on M and H is closed in G|g, then H acts properly on N.

Proof. As H is closed in §|g, it suffices to show that the action of G|g on N is proper. By
assumption, the map 0 : G x,M — M x M defined by (2.1) is proper.
Consider the pullback of 8 by the inclusion ¢ : N x N «— M x M, i.e.

(G X uM) Xprxnr (N x N) — N x N. (2.5)

As (G xuM) X (N x N) is closed in (G x,M) x N x N and 6 is proper, (2.5) is proper.
Note that

(GexuM) xprxm (N x N) = (G|N) e xuN

and that (2.5) is the action map (G|n) %N — N x N. This shows that the action of G|g on
N is proper, as desired. U

Remark 2.22. The stabilizer subgroupoid H may not be closed in G|g, even when S is closed in
X. See Remark 4.9 for a specific example. This is in contrast to the case of Hamiltonian group
actions, where stabilizer subgroups are always closed.

2.5 A Poisson map on the reduced space

Let G = X be a symplectic groupoid and S C X a pre-Poisson submanifold. Note that the
distribution on S induced by the orbits of the ssc stabilizer subgroupoid Gg = S (i.e. the image
of the anchor map) is 'S N o(T'S°). Hence, if S/Gg is smooth, it inherits a Poisson structure via
Marsden-Ratiu reduction applied to the triple (X, S,o(7'S°)) (see [MR86, Example D]). This
holds more generally for any stabilizer subgroupoid, as the following proposition shows.

ProprosiTION 2.23. Consider a symplectic groupoid G = X, pre-Poisson submanifold S C X,
and stabilizer subgroupoid H = S of S in G. Suppose that S/H has the structure of a smooth
manifold such that the quotient map p : S — S/H is a smooth submersion. Let i : S — X be
the inclusion map. Then there is a unique Poisson structure on S/H such that for any locally
defined smooth functions f,g on S/H, and locally defined smooth functions F, G on X such that
p'f=1F, p*g=1"G, and dF(o(T'S°)) = dG(c(T'S°)) = 0, we have

p{f,9tsm ={F,G}xls.
Proof. Recall that if H is source-connected, then S/H is the Marsden—Ratiu reduction of the
triple (X, S,0(T'S°)) (see [MR86, Example D]). We are thereby reduced to proving the following
claim: if f, g, F, G are as in the statement, then {F, G}x is H-invariant. In other words, we want
to show that j*s*{F,G}x = j*t*{F, G} x, where j : H — § is the immersion of H in G.

Recall from §2.2 that there is a Poisson transversal Y in X containing S as a coisotropic
submanifold. The restriction G|y = s~}(Y) Nt~1(Y) is then a symplectic subgroupoid of G (see
[CZ09, Lemma 7.1]) and H is an isotropic Lie subgroupoid of G|y . By [Cat04, § 5], H is Lagrangian
in G|y. We therefore have

ThH = ThHQ N Tj(h)(g’y) (2.6)
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for all h € H, where 2 is the symplectic form on G and T,'H is identified as subspace of T},)G
via the immersion j : H — G.

As TX|y = TY @ o(TY°), there is a locally defined smooth function F on X such that
p*f =i*F and dF(o(TY®)) = 0. Note that ¢(T,S°) NT,Y C T,S for all € S because S is
coisotropic in Y. We therefore have

o(T,S°) = (o(T,S°)NT,S) ®o(T,Y°),

so dF (o(T'S°)) = 0. On the other hand, we have i*{F,G}x = i*{F,G}x as i*F = i*F. We may
then assume without loss of generality that dF(c(TY°)) =0, i.e. Xp is tangent to Y.

We claim that Xgp — Xi+p is tangent to H. A first observation is that j*s*F = j*t*F,
because

JS'F =s""F =s"p*f =t'p"f =t""F = j*t"F.

This implies that
QA Xsop = Xpop, TH) = (d(s"F) — d(t"F))(TH) =

50 X¢p — X+ takes values in TH. Now recall that ds(Xyr) = 0 = dt(Xe-r) (see e.g. [MWSS,
Theorem 1.6(i)]), so ds(X¢+p — Xp+p) = Xp and dt(Xep — Xi+p) = Xp are tangent to Y. By
combining the last two sentences with (2.6), we obtain

(Xoor — Xeer)|jn) € (ThH)® N Ty (Gly) = TvH
for all h € H.

The identity j*s*G = j*t*G therefore implies that for all h € H and g := j(h),
("sHE, Glx)(h) = {s"F,s"G}x(g) = d(s"G)(Xs-Flg) = d(s"G)(Xsplg — Xe-Flg)
= d(t'G)(Xs+plg = Xeoplg) = —d(t"G)(Xeerlg) = —{t"F,t°G}(g)

= (*C{R.Gx) (). .

THEOREM 2.24 (Theorem A(iii)). Let (M,w),G =% X, u) be a Hamiltonian system and (S, H)
a clean reduction datum. Suppose that S/H has the structure of a smooth manifold such that
the quotient map S — S/H is a smooth submersion. Then p : M — X descends to a Poisson

map M [l¢ G — S/H.
Proof. Let N := u~1(S) and consider the following commutative diagram.

Nc—>M

N

N/H ) s—L 45X
N lp
S/H

Let f, g be locally defined smooth functions on S/H and F, G local extensions of p*f, p*g as in
Proposition 2.23. We want to show that p*{f, g} = {&*f, 1*g} or, equivalently,

™ {f, g} = mH{u"f, 1 g}
We have

TS 9y = pp{f 9} = WHE G = Gy = W F G
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as u is a Poisson map. As the Poisson structure on N/H is also obtained from Poisson reduction,
it suffices to show the following:

(1) u*F and p*G vanish on TN,
(2) pw*F and p*G restrict to 7*p* f and 7**g on N.

To verify part (1), suppose that v € TN“. We have v = w™!(du*(£)) for € € T'S°. As p is Poisson,
we obtain du(v) = o(§) € o(T'S°). It follows that d(u*F)(v) = dF(du(v)) = 0. To show part (2),
note that *u*F = g*j*F = p*p* f = #** f. One has analogous identities for g and G. g

Remark 2.25. If TSNo(T*X) C o(TS°), then the Poisson structure on S/H is trivial. The
Poisson map fi then amounts to an ‘integrable system’ on M /¢ G.

2.6 Examples
Let ((M,w),G = X,u) be a Hamiltonian system. We observe the following special cases of
Theorem A.

Ezample 2.26 (Singletons). If S = {z} is a singleton in X, then the isotropy group at z is a
stabilizer subgroupoid of S in G. We thereby recover Mikami—Weinstein reduction [MWSS,
Theorem 3.12], of which the more classical Marsden—Weinstein—Meyer reduction [Mey73, MW74]
is a special case.

Ezample 2.27 (Poisson transversals). If S C X is Poisson transversal, then S is transverse to
(see [FM17, Lemma 7(1)]). We also have Lg = 0 in this case, so that the trivial groupoid over S
is a stabilizer subgroupoid. It follows that M /s G = u~1(9), and we recover the fact that y=*(S)
is a symplectic submanifold of M.

Ezample 2.28 (General symplectic reduction). Let (M,w) be a symplectic manifold. The pair
groupoid G := M x M~ is then a symplectic groupoid over (M,w), with source map s(p, q) = p,
target map t(p,¢) = ¢, and multiplication (p,q)(q,7) = (p,r). The symplectic groupoid G then
acts on (M, w) in a Hamiltonian way with moment map the identity map and action (p,q) - ¢ = p.

A submanifold i : S < M is pre-Poisson if and only if it is pre-symplectic. In this case, one
has M //q¢ G = S/~, where ~ is the equivalence relation generated by the leaves of the distri-
bution keri*w. We have therefore recovered the procedure of reduction along a pre-symplectic
submanifold (Remark 2.18).

3. Main construction: complex analytic version

This section is concerned with Theorem B and its proof. We develop a complex analytic version
of Marsden—Ratiu reduction [MR86] in §3.1, and examine its relation to complex pre-Poisson
submanifolds in § 3.2. This creates the context needed to prove Theorem B. Parts (i)—(v) of this
theorem are proved in § 3.3, whereas parts (vi)—(vii) are proved in §3.4.

3.1 Complex analytic Marsden—Ratiu reduction
We begin by observing that the notion of Poisson reduction introduced by Marsden—Ratiu [MR86]
adapts to the complex analytic setting.

Let us begin with a brief digression on terminology. A holomorphic Poisson structure on a
complex analytic space (P, Op) is an enrichment of the structure sheaf Op to a sheaf of Poisson
algebras. In this case, we call (P, Op) a complex analytic Poisson space. We also often identity a
Poisson structure with the corresponding homomorphism Poisson bivector field, i.e. the bundle
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homomorphism
7:T"P — TP, df, — X¢(p)

for all pe P and f € Op,, where Xy = {f,-} is the Hamiltonian vector field associated to
f. We call P symplectic if it is smooth and 7 = w™! for some holomorphic symplectic form
w:TP — T*P.

Let E be a holomorphic vector bundle over a complex analytic space P, and write E, for
the fiber of E over x € X. Our convention is that a subbundle of E is simply a complex analytic
subspace R of E whose fibers R, = RN E, are vector subspaces of E, for all x € P. Note that
the fibers of R may have different dimensions, so that R is not necessarily a vector bundle.
For a complex analytic subspace Y C P and a subbundle R of TP|y, we write (’)1}.@2 for the
subsheaf of Op defined by

ORU) = {f € Op(U) : df(R) = 0}

for all open subsets U C P. The germ of a holomorphic function f € Op(U) at a point p € U is
denoted f, € Op.
The following result is a complex analytic analog of [MR86, Theorem 2.2].

THEOREM 3.1 (Complex analytic Marsden—Ratiu reduction). Let (M, T) be a complex analytic
Poisson space, N C M a reduced complex analytic subspace, E — N a subbundle of TM |y,
and D == TN N E. Suppose that:

(1) OF is closed under the Poisson bracket;
(2) 7(E°) C TN + E; and
(3) forallpe N and f € OJ[\),’p, there exists F' € Oﬁ’p such that F|y = f.

One then has a unique Poisson bracket {-,-}' on OX satisfying

{f.9} ={F.G}|n (3.1)
forallpe N, f,g € (’)ﬁﬂp, and F,G € OZ\E/I,p related to f, g as in part (3).
Proof. To see that (3.1) does not depend on the choice of F' and G, we need to show the following:
ifpe Nand F,G € (’)ﬂp are such that F'|y = 0, then {F, G}|n = 0. Note that X |y takes values
in 7(T'N° N E°), whereas condition (2) implies that
TN°NE° = (TN +E)° C7(E°)° =1 YE).

It follows that 7(T'N° N E°) C E and, hence, {F,G}|ny = dG(XF|n) = 0.

Let f,g € OR(U) for some open set U C N. We then get a well-defined element {f, g}’ €
On(U) defined by the collection of germs {F,G}|y € O, for all pe U and F,G € O,
satisfying F|y = f, and G|x = g,. We also have {f, g}’ € OR(U), because

d{f, g} (D) = d{F,G}(D) € d{F,G}(E) =0

by condition (1).

The Leibniz identity follows from the fact that {f,gh} ={F,GH}|n if f,g,h € Oy, are
related to F,G, H € Oy, as in condition (3), which holds because d(GH) also vanishes on FE.
For the Jacobi identity, note that {f,{g,h}'} = {F,{G, H}}|n, because {g,h} = {G, H}|n by
definition and d{G, H }(E) = 0 by condition (1). O

Condition (3) is implicit in Marsden-Ratiu reduction [MR86, Theorem 2.2], as it always
holds in the context of smooth manifolds. On the other hand, the same argument works for
non-singular complex analytic spaces.
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LEmMA 3.2. Let M be a complex manifold, N C M a complex submanifold, and E — N a
holomorphic subbundle of T M|y . Assume that E and D := TN N E are vector bundles. For all
pE€ N and f € 01{)&10’ there exists F' € O]'\E/Lp such that F|y = f.

Proof. Note that this is a local statement. We may therefore assume that £ = D & R for some
holomorphic subbundle R of T M|y, and then extend R to a holomorphic subbundle S containing
R such that TM|y = TN @ S. Then there exists a tubular neighborhood of N in S that is
biholomorphic to a neighborhood of p in M. We may define F' = f o7, where 7 : S — N is the
bundle map. O

The following example of complex analytic Marsden—Ratiu reduction will be important in
the remainder of this section.

ProprosiTION 3.3 (Cf. [MR86, Example D]). Let (M, 7) be a complex analytic Poisson space,
N C M a reduced complex analytic subspace, and E := 7(TN°).

(i) Conditions (1) and (2) in Theorem 3.1 are satisfied.
(ii) If M and N are smooth and E and D := TN N E are vector bundles, then condition (3) is
also satisfied.

Proof. Note that because E° = 7(T'N°)° = 7-YTN), a local holomorphic function F' on M
satisfies dF(E) =0 if and only if X is tangent to N. Condition (1) therefore follows from
the Jacobi identity of 7, which is equivalent to X{pg = [XF, X¢] for all holomorphic func-
tions F' and G. Condition (2) also holds because 7(E°) = 7(7~}(T'N)) € TN. Part (ii) holds by
Lemma 3.2. U

3.2 Pre-Poisson complex submanifolds
Asin §2, a complex submanifold S of a holomorphic Poisson manifold (X, o) is called pre-Poisson
if 0~1(T'S) NTS° has constant rank over S.

We now discuss a special case of complex analytic Marsden-Ratiu reduction (Theorem 3.1)
obtained from a Poisson map y : M — X and a pre-Poisson submanifold S C X. Despite u~*(5)
possibly being singular, we show that the conditions of Theorem 3.1 are satisfied with respect to
E = 7(T'N°). This will be the basis for our notion of symplectic reduction along a submanifold,
where p will be the moment map of a Hamiltonian system.

To this end, we first recall some of the results of Cattaneo—Zambon [CZ09] and adapt them to
the complex analytic setting. Let (X, o) be a holomorphic Poisson manifold. As in the C* case
(§2.2), any Poisson transversal complex submanifold ¥ C X inherits a canonical holomorphic
Poisson structure [FM17, Lemma 3].

PROPOSITION 3.4 (Cf. [CZ09, Theorem 3.3]). Let S C X be a pre-Poisson complex submanifold
of a holomorphic Poisson manifold (X, o). For all v € S, there is a Poisson transversal complex
submanifold Y C X which contains a neighborhood of x in S as a coisotropic submanifold.

Proof. We simply redo the proof of [CZ09, Theorem 3.3] locally. Let S, be the germ of S at x.
Choose a subbundle R of TX|g, such that

TX|s, = (T'Se +0(T'S;)) ® R,

and let Y be a submanifold germ of X containing S, with TY|s, = T'S, @ R. Note that the
latter is possible because we can choose a tubular neighborhood of S near x. g

Remark 3.5. If X is Stein and S is closed, then there is a Poisson transversal Y containing S
globally. To see this, recall that the positive-degree cohomologies of coherent sheaves on Stein
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manifolds are trivial. Every short exact sequence of vector bundles therefore splits, so that we may
choose a global R in the proof. As the tubular neighborhood theorem holds for Stein manifolds
(see e.g. [Forl7, Theorem 3.3.3]), we can choose a global Y with TY|¢ =TS & R.

The previous result is the main ingredient used to obtain condition (3) in complex analytic
Marsden-Ratiu reduction.

PROPOSITION 3.6. Let p: (M,7) — (X, 0) be a holomorphic Poisson map between holomor-
phic Poisson manifolds. Let S C X be a pre-Poisson complex submanifold such that N := p~*(S)
is reduced, let E = 1(TN°), and let D :=TN NE. Conditions (1)—~(3) in Theorem 3.1 are
then satisfied. In particular, for all p € N and f € (’)Jl\j,’p, there exists F' € OZ\E/I,p such that
Fly=f.

Proof. Conditions (1) and (2) hold by Proposition 3.3(i), so it suffices to verify condition (3).
We first observe that this third condition is local. Proposition 3.4 therefore allows us to assume
that S CY C X, where Y is Poisson transversal in X and S is coiostropic in Y. By [FM17,
Lemma 7], Y is transverse to u, P := p~1(Y) is a Poisson transversal submanifold of M, and the
restriction map P — Y is Poisson.? As the preimage of a coisotropic subspace under a Poisson
map is coisotropic, N = u~1(9) is coisotropic in P.

Now let p € N and f € O]?,’p. Extend f to f € Opp. As P is smooth and TP N7(TP°) =0,
Lemma 3.2 implies that there exists F' € Oy, such that F|p = f|p and dF(r(TP°)) = 0. We
also have that TP|[y N E C TN as N is coisotropic in P, so E =D @& 7(TP°)|y. It follows
that

dF(E) = dF(D ® 7(TP°)|y) = dF(D) = df (D) = 0. -

3.3 Complex analytic symplectic reduction along a submanifold
We now state and prove the main result of this section: a complex analytic version of symplectic
reduction along a submanifold.
We begin with a few definitions. A holomorphic Hamiltonian system is a tuple ((M,w),G =
X, ), where M is a complex manifold endowed with a holomorphic symplectic form w, and G =
X is a holomorphic symplectic groupoid acting on M in a Hamiltonian way with moment map
u: M — X; the definition is the same as in § 2, except that ‘smooth’ has become ‘holomorphic’.
In particular, the base X of a holomorphic Hamiltonian system inherits a canonical holo-
morphic Poisson bivector field o : T* X — T X. For a pre-Poisson complex submanifold S C X,
the stabilizer subalgebroid

Ls =0 Y(TS)NTS°

is a holomorphic Lie subalgebroid of 7*X = Lie(G). By Laurent-Gengoux—Stiénon-Xu’s work on
the integration of holomorphic Lie algebroids [LSX09], the source-connected, ssc Lie subgroupoid
Gs = S of G with Lie algebroid Lg is a holomorphic Lie groupoid and the immersion Gg — G is
holomorphic [LSX09, Theorem 3.17 and Proposition 3.20]. The subgroupoid Gg is also isotropic
in G by [CZ09, Proposition 7.2]. More generally, we call any isotropic holomorphic subgroupoid
H = S of G with Lie algebroid Lg a holomorphic stabilizer subgroupoid of S in G.

Let ((M,w),G = X, u) be a holomorphic Hamiltonian system, S C X a pre-Poisson complex
submanifold, and H = S a holomorphic stabilizer subgroupoid of S in G. Let N := p~1(S) C M
be the complex analytic space defined by the ideal generated by all elements p* f, where f is in

4 This was originally stated for smooth manifolds in [FM17], but the same proof works in the holomorphic setting.
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the ideal of S C X. One then has a holomorphic action of H = S on N. Given any point p € N,
we have a holomorphic orbit map

op: Huyp) — N, hr—h-p.
This enables us to define

T,(H - p) ==1imdy,
as a vector subspace of T, N.
ProrosiTiON 3.7. We have
T,(H-p) =T,NNT,N“

for allp € N.
Proof. By the definition of NV, we have T, N = du,, 1(Tu(p)S ). This allows us to repeat the proof
of Theorem 2.10 verbatim in the present context. ]

For an H-invariant open subset U C N, we let On(U)™ be the set of H-invariant elements
of On(U). The next result gives a Poisson structure on O (U)™; it is the first step towards the
construction of a Poisson structure on a quotient of N by H.

THEOREM 3.8. Let ((M,w),G = X, u) be a holomorphic Hamiltonian system, S C X a pre-
Poisson complex submanifold such that N := p~'(S) is reduced, and H = S a holomorphic
stabilizer subgroupoid of S in G. For every H-invariant open set U C N, there is a unique
Poisson bracket

{, YOO x On () — ONn(U)H

with the following property: for all f,g € Ox(U)" and p € U, the germ of {f, g} at p is
{F,G}|n, where F,G € Oy, are any extensions of the germs of f, g at p such that dF (TN¥) =
dG(TN¥) = 0.

Proof. Proposition 3.7 implies that O (U)™ C OR(U), where D := TN N TN“. As the moment
map u: M — X is Poisson, Proposition 3.6 shows that the complex analytic version of the
Marsden—Ratiu theorem (Theorem 3.1) holds, producing a Poisson bracket

{,-} - OR(U) x OR(U) — OR(U).

It suffices to show that On(U)™ is closed under {-,-}'.
Let f,g € On(U)", let p € U, and let h € H be such that t(h) = u(p). We want to show that

{f,9}(h-p) ={f, g} (D).

In other words, we want to show that for any F,G € Oﬂ\;w satisfying F|y = fp, G|n = gp, and
any F,G € (’)f/[]\;:p satisfying F|y = fhps Gly = gh-p, We have
{F.G}(p) = {F,G}(h-p). (3.2)
As t is a submersion, we can find a local holomorphic section
p:VCS—H

of t passing through h, i.e. V' is a neighborhood of t(h) in S, to p = Id, and p(t(h)) = h. We then
get a biholomorphism

Gp: NOp™ ' (V) — N, 9,(q) = p(u(q)) - g,
such that ¢,(p) = h - p.
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To show (3.2), we first claim that
Yrifw = i*w, (3.3)
where i : N — M is the inclusion map. Note that for all g € N N pu~Y(V), (p(u(q)), q,%,(q)) is
in the graph I' of the action of G on M, which is Lagrangian in G x M x M~ by definition.?
Hence, for all u,v € T; N, we have

and the analogous statement is true for v. It follows that

Q(dp(dp(u)), dp(du(v))) + w(u, v) — w(dipp(u), dipy(v)) = 0.
However, H is isotropic in G, so the first term vanishes. This proves (3.3).
Now note that Xy and X are tangent to IV, as one has

w(Xp, TN¥) = dF(TN*) = 0
and an analogous statement for X¢. In particular, we may evaluate di, at Xp|,. We claim that
dp(Xelp) = Xl ) € Ty )N (3-4)
To see this, let v € Ty, (,) N and write v = dip,(u) for u € T,N. Then by (3.3), we have
w(dy(XFlp),v) = Ypw(Xrlp, u) = w(Xp, u) = dF (u) = df (u).
However, f is H-invariant, so
df (u) = d(v,f)(u) = df (v) = dF (v) = 0(X |y, (p), 0)-
This proves (3.4). .
At the same time, because dG(T'N¥) = 0, (3.4) shows that
{F,G}(h-p) = dG(Xlnp) = dG(dV(XFlp)) = dg(dip(XFlp)) = dg(Xply) = dG(XFlp)
= {F,G}p)
This proves (3.2) and, hence, Ox(U)™ is closed under {-,-}. O

To discuss the quotient of N by H in the most general context, we make the following
definition.

DEFINITION 3.9. Let H be a holomorphic Lie groupoid acting holomorphically on a complex
analytic space (N,On). A complex analytic quotient of N by H is a complex analytic space
(Q,0q) together with an H-invariant holomorphic map = : N — @ such that
™ 09 — (m.ON)"
is a sheaf isomorphism.
Theorem 3.8 then has the following consequence.

THEOREM 3.10 (Theorem B(i)—(iv)). Let ((M,w),G = X,u) be a holomorphic Hamiltonian
system, S C X a pre-Poisson complex submanifold, and H = S a holomorphic stabilizer sub-
groupoid of S in G. Suppose that N := u~'(S) is reduced and that there is a complex analytic
quotient of N by H, denoted m : N — Q.

(i) For all pe N and f € Oq (), there exists F' € Oppy such that 7' f = F|y € Oy, and
dF(TN%) = 0.

5 We are implicitly identifying H as a subset of G for simplicity of notation; this is only true locally.
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(ii) There is a unique holomorphic Poisson structure {-,-}g on @ such that

m™{f,9tq ={F,G}ul|n

for all f,g € Oq rp) and F,G € Oy related to f, g as in part (i).

(iii) Assume that there exists p € N such that dm, is surjective, 7—'(m(p)) is an H-orbit, and
m(p) is a smooth point of (). The Poisson structure in part (ii) is then symplectic on a
neighborhood of 7(p).

(iv) Suppose that S intersects p cleanly and that () = N/H has a complex-manifold structure
such that m: N — @ is a holomorphic submersion. The Poisson structure on @) is then
induced by a holomorphic symplectic form @ satisfying n*©w = i*w, where i : N — M is
the inclusion map.

Proof. Part (i) follows from Proposition 3.6 and part (ii) follows from Theorem 3.8 using the
isomorphisms 7* : Og(U) = Oy (7~ 1(U))".

To prove part (iii), let = :== m(p) and let 7 : T)Q) — T, Q be the Poisson structure at x. It
suffices to show that 7 has an inverse w; : T,QQ — Tx(Q.

As m~1(x) = H - p, Proposition 3.7 shows that ker dm, = T,N N T,N*“, so we have a short
exact sequence

0 —T,NNT,NY — T,N — T,QQ — 0.

It follows that the symplectic form w, : T, M — T M descends to a map w; : 1,Q) — T Q).
To show that @, is an inverse of 7, let f € Og, and F' € Oy, be such that 7 f = F|n and
dF(TN¥) = 0. By the definition of 7, we have 7(df;) = dm(Xp|,). Hence, for all v € T,N, we
have

Wy (7(dfz))(dmp(v)) = W(XF|p,v) = dFp(v) = dfy(dmy(v)).
This shows that w, o 7 = Id, so that w, is indeed an inverse of 7.
Part (iv) follows immediately from part (iii). O

DEFINITION 3.11. The complex analytic Poisson space (), Og) in Theorem 3.10 is called the
symplectic reduction of M by G along S with respect to H and w and denoted M//S,H,w G. The
pair (S,H) is called a reduction datum; it is called a clean reduction datum if the conditions of
Theorem 3.10(iv) are satisfied, in which case

M[ls3,G =M [Js3G=nu""(S)/H

is a complex symplectic manifold. If (S,H) is clean and H is source-connected, we use the
simplified notation

MG = M//S,H g,
and call it the symplectic reduction of M by G along S.

Remark 3.12. We remind the reader that any two choices of source-connected stabilizer
subgroupoid H = S yield the same reduced space M /g4, G. This justifies our notation M /s G.

Remark 3.13. The reducedness assumption on NN is not always satisfied. To see this, consider the
standard representation of SL(2,C) on C? and its lift to a Hamiltonian action on 7*C? = C*. In
coordinates (z1, z2, w1, wsz), the components of the moment map are ) = zyws, e = zowi, and
w3 = z1wy — zows (see e.g. [HSS20, Example 2.6]). Note that f := z;w; + zows is not in the ideal
generated by p, but that f? = ,u% + 41 2 belongs to this ideal.
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The next result shows that the sufficient condition for smoothness discussed in § 2.4 adapts
to the complex analytic setting.

PROPOSITION 3.14 (Theorem B(v)). Let ((M,w),G = X,u) be a holomorphic Hamiltonian
system, S C X a pre-Poisson complex submanifold, and H = S a holomorphic stabilizer sub-
groupoid of S in G. If H acts freely on N = u~'(S), then S is transverse to p. If the H-action
is also proper, then (S,H) is a clean reduction datum and M//S,H G is a complex symplectic
manifold.

Proof. The proof of Theorem 2.20 adapts to the complex analytic category, showing that S is
transverse to p. Hence, N is a complex submanifold of M on which H acts freely and properly.
By Godement’s criterion (see e.g. [Ser92, Part II, Chapter III, Theorem 2 on p. 92]), N/H has
a unique complex manifold structure such that the quotient map = : N — N/H is a holomor-
phic submersion. This shows that (S,H) is a clean reduction datum. We may therefore apply
Theorem 3.10(iv) to complete the proof. O

3.4 A Poisson map on the reduced space
We now discuss a complex analytic version of Theorem A(iii). To this end, we first discuss the
existence of a Poisson structure on a complex analytic quotient of S by H.

PROPOSITION 3.15 (Theorem B(vi)). Let G = X be a holomorphic symplectic groupoid, S C X
a pre-Poisson complex submanifold, and H = S a holomorphic stabilizer subgroupoid of S in G.
Suppose that there is a complex analytic quotient of S by H, denoted p : S — R. Then there
is a unique holomorphic Poisson structure on R such that

p{f.9tr = {F,G}xls

for allz € S, f,9 € OR yx), and F,G € (’)g(gso) satistying p*f = F|g, p*g = G|s.

Proof. Proposition 3.6 gives us a Poisson bracket on OF, where D := T'S N o(T'S°). To show that
this gives a Poisson bracket on Or = (p,Os)™, it suffices to show that H-invariant functions in
(’)g are closed under the Poisson bracket. This follows from the same reasoning as in the proof
of Proposition 2.23, using Proposition 3.4 in the present case. U

THEOREM 3.16 (Theorem B(vii)). Let ((M,w),G = X, u) be a holomorphic Hamiltonian sys-
tem, S C X a complex pre-Poisson submanifold, and H = S a holomorphic stabilizer sub-
groupoid of S in G. Suppose that N := u~1(S) is reduced and that there is a complex analytic
quotient m: N — M /g4, . H of N by H. Let us also suppose that there is a complex ana-
Iytic quotient p: S — R of S by H, and that the moment map 1 : M — X descends to a
holomorphic map

i M//S,H,w G — R.

Then [ is a Poisson map with respect to the Poisson structures of Theorem 3.10 and
Proposition 3.15.

Proof. This follows from the definitions of the Poisson structures using the same reasoning as in
the proof of Theorem 2.24. O
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4. Symplectic reduction by a Lie group along a submanifold

This section examines the implications of §§2 and 3 for classical Hamiltonian G-spaces. In §4.1,
we derive some of the Lie-theoretic machinery relevant to reducing by a Lie group along a sub-
manifold. Our first example is Marsden—Weinstein—Meyer reduction, which we address in §4.2.
In §4.3, we introduce the universal reduced spaces M, 54 and Mg, s and prove Theorem D(i).
We subsequently define and study the class of stable submanifolds S C g* in §4.4; this is a
particularly convenient class of submanifolds along which to reduce, and it includes all Poisson
transversals and Poisson submanifolds. The proofs of parts (ii) and (iii) in Theorem D are also
given in §4.4. We then devote §4.5 to the proof of Theorem D(iv). Theorem F is the subject of
§§4.6-4.8, whereas Theorem E(ii) is proved in §4.9.

Except for those instances in which we explicitly indicate otherwise, all material in this
section can be interpreted in both the category of smooth manifolds and the category of complex
manifolds. We simply use the terms manifolds and maps for smooth manifolds and smooth maps,
or complex manifolds and holomorphic maps. A submanifold will refer to a smooth submanifold
or a complex submanifold, and both are assumed to be embedded but not necessarily closed.
A Lie group will mean a real Lie group or a complex Lie group, and we proceed analogously for Lie
algebras. A symplectic form will mean a symplectic form on smooth manifold or a holomorphic
symplectic form on a complex manifold, etc.

4.1 Main construction
The notion of a Hamiltonian system introduced in §§2 and 3 generalizes the standard one for
Lie group actions [MW8&8, Examples 3.1 and 3.9]. Let us briefly recall the salient details.
Let G be a Lie group with Lie algebra g, adjoint representation Ad: G — GL(g), and
coadjoint representation Ad* : G — GL(g*). We use the left trivialization
Gxg" TG, (9,6 Eo(dLy1)g

to freely identify T*G and G x g* throughout our paper. Let €2 :== dO be the canonical symplectic
form on T*G, where © is the tautological 1-form. We have

Qg0 ((u1, 1), (w2, C2)) = —Ca(ur) + C1(u2) — §([u1, ua)) (4.1)

for all (u;,¢;) € gx g* =TyG x g" =T(y)(G x g*) and (g,&) € G x g* = T*G, where T,G is
identified with g by left translations (see e.g. [AMT78, Proposition 4.4.1}).
Consider the (G x G)-action on G defined by

(a,b) - g = agb™"

for all (a,b) € G x G and g € G. This action lifts to a Hamiltonian action on T*G = G x g* given
by

(a,0) - (9,€) = (agb™", Ad¢)
for all (a,b) € G x G and (g,&) € T*G, and it admits
p:T"G —g" xg", (9,8 — (A, ) (4.2)

as a moment map (see e.g. [AM78, Theorem 4.4.3]).

The identification T*G = G x g* also shows that T*G has the structure of a Lie groupoid,
namely the action groupoid for the coadjoint representation. Explicitly, T*G = g* is a Lie
groupoid with source and target maps

s(9,§) = Adg¢ and  t(g,&) =&, (4.3)
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and multiplication

(9,€) - (h,n) = (gh,n) if &= Adjn.

The canonical symplectic form on T*G then gives T*G == g* the structure of a symplectic
groupoid, called the cotangent groupoid of G. The Poisson bivector field ¢ on the base g* is
the Kirillov—Kostant—Souriau structure given by

o:T'g"=gxg" —g" xg'=Tg¢", (2,8 — (—ad{,9), (4.4)
where ad, : g — g is the adjoint action ad,y = [z,y] of x € g and ad}, : g* — g* is its dual
adré = —€ o ad,.

A Hamiltonian G-space (M,w) with moment p: M — g* is then equivalent to a

Hamiltonian system (Definition 2.1) with underlying symplectic manifold (M,w), moment map
i, and symplectic groupoid T*G = g*; one simply lets T*G = g* act on M by

(9,€)-p=g-p if&=plp)

for all (¢,£) € T"G and p € M (see [MW88, Example 3.9]). In this context, we have the following
counterpart of Definitions 2.15 and 3.11.

DEFINITION 4.1. Let M be a Hamiltonian G-space with moment map p : M — g*. A reduction
datum for the action of G on M is a reduction datum for the action of T*G = g* on M, i.e. a
pair (S,H) with S C g* a pre-Poisson submanifold and H = S a stabilizer subgroupoid of S in
T*G = g*. We say that (S, H) is clean if it is a clean reduction datum for the action of T*G = g*
on M. In this case, the symplectic reduction of M by G along S with respect to ‘H is defined
to be

M//s,H G = M//S,H T°G = p~ ' (S)/H.
If ‘H is source-connected, we use the simplified notation
Mg G := Mg, G
and call it the symplectic reduction of M by G along S.

Remark 4.2. Although G is a group, H can be a non-trivial groupoid; see Theorem 5.10 and the
discussion preceding it. One consequence is that M //¢ G might not be realizable as a quotient of
©~1(S) by a Lie group action.

Now recall that T*G|gs denotes the restriction of the cotangent groupoid to S C g*. This
features in the following sufficient condition for M //g;, G to be a symplectic manifold, which we
state for future reference.

LEMMA 4.3. Let M be a Hamiltonian G-space with moment map u: M — g* and (S,H) a
reduction datum. If G acts freely and properly on M and H is closed in T*G|g, then (S, H) is
clean and M /g ;4 G is a symplectic manifold.

Proof. As the action of G on M is free, so is the action of H on N := pu~1(S). Theorem 2.20 or
Proposition 3.14 then show that S is transverse to u, and that it suffices to show the action of
H on N to be proper. Note that the action of T*G = g* on M is proper; (2.1) reduces to the
map G X M — M x M, (g,p) — (p,g - p), which is proper by assumption. The action of H on
N is then proper by Proposition 2.21. ]

We also record the following description of the stabilizer subalgebroid, which will be useful
for examples.
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LEMMA 4.4. Let S C g* be a submanifold and let o be the Kirillov—Kostant—Souriau Poisson
structure on g*. The subset Lg = o~ 1(T'S) N T'S° of Lie(T*G) = T*g* = g x g* is given by
Ls={(z,§) €gxS:az e (1:5)° and ad}§ € T¢S}.
Proof. This follows from the expression for o given by (4.4). 0

The following observation will be useful for showing that certain subgroupoids are in fact
stabilizer subgroupoids.

LEMMA 4.5. Let H = S be an embedded Lie subgroupoid of T*G = g* over any submanifold
S Cg*.

(i) We have
H={(9,§) e GxS:g€H}
for some collection of submanifolds He € G, £ € S, each containing the identity 1 € G.
(ii) The Lie algebroid of H is the Lie subalgebroid of Lie(T*G) = g x g* given by
Lie(H) = {(:E,&) cgxS:xe Tng}.
Proof. Let s,t: T*G = g* be the source and target maps (4.3). As £ =t(g,&) € S for all (g,§) €
‘H, we have

H={(9,§) € GxS:9¢cH}

with He = {g € G : (9,&) € H}. Note that H¢ x {£} is the target fiber of H over £, so that H,
is necessarily smooth. This completes the proof of part (i).

To verify part (ii), note that the restriction (kerdt)|s1}q- of kerdt to the identity section
{1} x g* € G x g* = T*G is the trivial vector bundle g x g* over g*. From (4.1), we see that the
canonical isomorphism (ker dt)|{jyx g — T"g" = g x g* given by (2.2) is

gxg—axg’ (2, — (-z.9).
It follows that the Lie subalgebroid of T*g* induced by H is as claimed. O

4.2 Marsden—Weinstein—Meyer reduction
We now show that Marsden—Weinstein—Meyer reduction can be recovered as symplectic reduction
along a singleton.

Let G be a Lie group acting on a symplectic manifold (M,w) in a Hamiltonian way with
moment map p: M — g*. Let H C G be an immersed Lie subgroup with Lie algebra h C g
and let £ € g*. Let H¢ be the stabilizer subgroup of £y € h* in H, and consider the annihilator
bh° C g* of b.

LEMMA 4.6 (Cf. [CZ07, Proposition 5.1 and Example 6.2]). The affine linear  subspace
&+ h° C g* is pre-Poisson and

H = He x (€+1°) (4.5)
is a stabilizer subgroupoid of £ + h° in T*G = g*.
Proof. Lemma 4.4 implies that
Lege = {(z, £ +m) € g x (E+5°) 1@ € be},y

where b = Lie(H¢). By Lemma 4.5(ii), the Lie algebroid of H is Lgipo. It then only
remains to show that H is isotropic in T*G. To this end, let (h,&+n) € H, and let
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(ui, Gi) € T gam)™ = be x b°, i € {1,2}. Equation (4.1) implies that
Q((u1, C1), (u2, C2)) = —Ca(ur) + Cu(uz) — (& +n)([u1, uz)),

and we see that each term vanishes. O

In light of this result, we may consider the symplectic reduction

M ffe o 30 G = n™H(E+0°)/(He x (£ +1°)).

By viewing £ as an element of g*/h° = h*, we also have the symplectic reduction of M by H at
level &:

Ml H = 1 () He,

where pp : M — b* is the induced moment map for the action of H on M. We have uh_l(f) =
(€ +b°), so these two symplectic reductions coincide.

PROPOSITION 4.7. We have M /¢, o 3y G = M | H, where H is given by (4.5).
Taking h = g then yields the following corollary.

COROLLARY 4.8. Let & € g*. Then H = G¢ x {{} is a stabilizer subgroupoid of {{} in T*G = g*
and

M [y G = 17 (€) /G
is the Marsden—Weinstein—Meyer reduced space at level &.

Remark 4.9. Let G = X be a symplectic groupoid and S C X a pre-Poisson submanifold. One
consequence of this subsection is that there may not exist any stabilizer subgroupoid H = .S of
S that is closed in G|g. To see this, let h C g be a Lie subalgebra. Any stabilizer subgroupoid
of h° C g* in the cotangent groupoid T*G = g* must take the form H x h°, where H is a Lie
subgroup of G with Lie algebra h. It now just remains to observe that H is closed in G if and
only if H is closed in G.

4.3 The universal reduced spaces
Let G be a Lie group and recall the Hamiltonian (G x G)-action on T*G and moment map f :
T*G — g* x g* discussed in §4.1. We refer to the Hamiltonian action of G 2 G x {1} C G x G
on T*@G as the action by left translations. Similarly, the action of G = {1} x G on T*G is called
the action by right translations.

Let us suppose that S C g* is a pre-Poisson submanifold, that H = S is a stabilizer sub-
groupoid of S in T*G = g*, and that (S,H) is a clean reduction datum with respect to the
action of G on T*G by right translations. It follows that

f)ﬁgvs,';.[ = T*G//S,H G = (G X S)/H

is a symplectic manifold, which we call the universal reduced space associated to (G, S, H);
Theorem 4.11 will elucidate this choice of nomenclature. Remark 3.12 justifies using the simplified
notation

Ma.s = Mg 51,

where H = S is any source-connected stabilizer subgroupoid of S in T*G. As the action of G
on T*G is proper, we observe that (S,H) is clean if H is closed in T*G|g (Lemma 4.3). We also
observe that the action of G on T*G by left translations descends to a Hamiltonian G-action on
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Mea 5w = (G x S)/H given by

G x Mg sn — Masn, (a,[(9,8)]) — a-[(9,6)] = [(ag,§)] (4.6)
for all a,g € G and £ € S. The corresponding moment map is induced by the first component of
w:T*G — g* @ g*, i.e. it is given by

Mesn = (Gx9)/H—g [(g,§]— —Ad. (4.7)
We may summarize the previous discussion as follows.

PrOPOSITION 4.10. Let S C g* be a pre-Poisson submanifold and 'H = S a stabilizer sub-
groupoid of S in T*G = g*.

(i) Suppose that (S, H) is a clean reduction datum for the action of G on T*G by right transla-
tions. The universal reduced space MM, g3 is then a Hamiltonian G-space with action (4.6)
and moment map (4.7). It has dimension

dim Mg g4 = dimg + dim S —rk Lg.
(ii) The hypothesis of part (i) is satisfied if H is closed in T*G|g.

Proof. 1t only remains to prove the formula for the dimension; this is simply a result of H acting
freely on G x S and the fact that Mg g1 = (G x S)/H. O

The following result is analogous to the universal property of symplectic implosion

[GJS02, §4].

THEOREM 4.11 (Universality; Theorem D(i)). Let G be a Lie group acting on a symplectic man-
ifold M in a Hamiltonian way with moment map pu: M — g*. Let (S,H) be a clean reduction
datum for both the action of G on M and the action of G on T*G by right translations. We then
have a canonical symplectomorphism

M//S,H G = (M x EmE:,S,H)//o G,

where G acts on M x M, ¢4, diagonally and jj, denotes Marsden—Weinstein-Meyer reduction at
level 0.

Proof. The map
b N (S) — M X T*G, pr— (p,1,p(p))
descends to a diffeomorphism
pHS)H — (M, x (G x 8)/H)/G,
where v is the moment map (4.7). It then remains to show that ¢*(w,—Q) = i*w, where
i:pu~'(S) — M is the inclusion map. However, di(u) = (u, 0, du(u)) for v € Tp=1(S), so
0 (w0, ~ @) (1, v) = w(w, v) — (0, du(w)), (0, du(v))) = w(u,v)
for all p € p=(S) and u,v € T,u=1(S). O
Remark 4.12 (Kéhler quotients). The following remark only applies in the smooth category. Let
G be a compact Lie group and (M,w) a Hamiltonian G-space with moment map p: M — g*.
Suppose that M has a G-invariant Kahler metric compatible with w. The symplectic reduction
Ml G = pH(€)/Ge at level € € g* is then also Kéhler if it is smooth [HKLR87, §3(C)]. It

is natural to ask whether the same holds for a general symplectic reduction M //g G along a
pre-Poisson submanifold S C g*. An immediate corollary of universality (Theorem 4.11) is that
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it suffices to ask this question for the universal reduced space; if M g2 has a compatible
G-invariant Kahler structure, then M /g, G is also Kéhler.

One might then expect the Kéhler structure on T*G = G¢ to induce a Kéahler structure
on Mq 5. However, the standard methods for showing that M //£ G is Kéahler (e.g. [HKLRS?7,
§3(C)] or [Kir84]) do not generalize to the case of symplectic reduction along a submanifold.
For instance, suppose that S is a Poisson transversal in g*. We then have Mg g =G x S
(Example 2.27), which is a complex submanifold of G¢ if and only if S is open in g*. On
the other hand, there are special cases in which it is possible to define a Kéhler structure on
Me,s,x indirectly; symplectic implosion [GJS02, § 6] is a noteworthy example (see §4.7).

4.4 Symplectic reduction along stable submanifolds

We now study a large class of pre-Poisson submanifolds that encompasses most of the exam-
ples in this paper. The principal advantage of working with these submanifolds is that their
stabilizer subgroupoids can be readily computed as Lie group fibrations (also known as group
schemes).

DEFINITION 4.13. Let (X, o) be a Poisson manifold. A submanifold S C X is called stable if it
is pre-Poisson and its stabilizer subalgebroid Lg is contained in ker o.

LEMMA 4.14. Poisson submanifolds are stable.
Proof. A submanifold S C X is Poisson if and only if o(7°S°) = 0. In this case,
Ls =0 YTS)NTS° =TS°,
so Lg has constant rank. The condition o(7'S°) = 0 also implies that Lg C kero. O
LEMMA 4.15. Poisson transversals are stable.
Proof. By Example 2.27, a Poisson transversal S satisfies Lg = 0. 0

Let G be a Lie group with Lie algebra g. We specialize to the case of X = g* with its
Kirillov—Kostant—Souriau Poisson structure o in (4.4). A pre-Poisson submanifold S C g* is
then stable if and only if (Lg)¢ C ge for all £ € S, where (Lg)¢ is given by Lemma 4.4 and

ge = Lie(G¢) = {z € g : ad;¢{ = 0}.
LEMMA 4.16. A G-invariant submanifold S C g* is Poisson and, hence, stable.
Proof. For all { € S and x € Tg g* = g, we have oe(x) = —ady& € TeS. O

We now show that the stabilizer subgroupoids of stable submanifolds take a particularly
simple form.

THEOREM 4.17 (Theorem D(ii) and (iii)). Let S C g* be a stable submanifold. For each § € S,
let He C G be a Lie subgroup with Lie algebra b¢. Consider the set

H:={(9,§) € GxS:g¢€ He}.

(i) The subspace
he == (TeS)° Nge (4.8)
is a Lie subalgebra of g for all £ € S, and the stabilizer subalgebroid of S is
Ls={(z,€) €gxS:z€he}
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(ii) Suppose that the following two conditions hold:
(C1) H is a submanifold of T*G;
(C2) M is isotropic in T*G.
Then H is a stabilizer subgroupoid of S in T*G = g*.
(iii) If (C1) holds and there is an open dense subset U of S such that H¢ is connected for all
¢ € U, then (C2) also holds.
(iv) If 'H is closed in G x S and each H¢ is connected, then both (C1) and (C2) hold.

Proof. As Lg C kero, the anchor map of Lg is trivial. It follows that Lg is a bundle of Lie
subalgebras. We have

(Ls)e = (TeS)° Nog H(TeS) = (TeS)° Nker o = b

because (Lg)¢ C keroe. This verifies part (i). Parts (ii) and (iii) follow from Lemma 4.5(ii)
and Remark 2.9(ii). Part (iv) results from the following generalization of the closed subgroup
theorem. 0

THEOREM 4.18. Let G be a Lie group with Lie algebra g and let S be a manifold. Suppose that
E is a subbundle of the trivial vector bundle g x S — S such that the fiber E¢ over each § € S
is a Lie subalgebra of g. Let H¢ be the connected Lie subgroup of G' with Lie algebra E¢ for each
£ e S, and set

H:={(9,§) e GxS:g¢€ He}.
If 'H is a closed subset of G x S, then it is a submanifold of G x S.
Proof. As this is a local statement, we may assume that there is a complement F' C g x S to F,
so that g x S = E @ F. Consider the exponential map g — G, x — €7, and define
P:gxS—GxS, (x+4y,§— (e%e",§) for{e€ S, v € Fe, andy € Fg.
Let us also fix & € S. We claim that there exists a neighborhood U of (0,&p) in g x S such that
® restricts to a diffeomorphism (or biholomorphism) U — ®(U) and
SUNE)=dU)NH.

This will establish that H is a submanifold in a neighborhood of (1,&p). The case of a general
point (hg, &p) will be shown to follow from this special case.

To prove the above-mentioned claim, let {Uy, }nen be a neighborhood basis for g x S at (0, &o).
The differential d® (g ¢)) : g X Tgy S — g X T, S is the identity map, so we may assume that ®
restricts to a diffeomorphism (or biholomorphism) on each U,,. We claim that there exists n large
enough so that ®(U, N E) = ®(U,) N'H.

Suppose that this is not the case. We have ®(U,, N E) C ®(U,,) N'H, so there exists

(gn,&n) € ®(U) NH\ &(U, NE)

for all n. In particular,

(gn) fn) = <€zneyn ) fn)

for some x,, € E¢, and y, € Fy, such that (z,, + yn,&) € Un. As Uy, is a neighborhood basis at
(0,&p), the sequence (z,, + yn,&n) converges to (0,&y) as n — 0.

Note that y, # 0 for all n, because (gn,&n) ¢ ®(U, N E). Fix a norm || - || on g and set
¢n = |lynl| > 0. Then c; 'y, lies on the unit sphere of g, so by passing to a subsequence we may
assume that ¢, 1y, — yo for some yo € g with ||yo|| = 1. Moreover, (¢, yn,&,) € F for all n, so

(%0, &0) € F.

1910

https://doi.org/10.1112/S0010437X22007710 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X22007710

SYMPLECTIC REDUCTION ALONG A SUBMANIFOLD

Let t € R. Let k,, be the largest integer such that k, < t/¢,. Then |k,c, —t| < ¢, — 0 and
50 knc, — t. We also have e¥» = e~ g, € Hg,, so (e¥",&,) € H and, hence,

(elbnementn) g) = (b, €,) = (%), &) € H

for all n. As H is closed in G x S, taking the limit as n — oo shows that (e, &y) € H, i.e. et% €
Hy¢,. However, t is arbitrary, so we have yg € Eg,. It follows that yg € E¢, N Fy, = 0, contradicting
the fact that [|yo|| = 1. This proves the claim, implying that H is a submanifold of G x S in a
neighborhood of (1,&).

Now let (hg,&) € H be arbitrary. Let U be a neighborhood of (0,&) in g x S such that
® restricts to a diffeomorphism (or biholomorphism) U — ®(U) and ®(UNE) = ®(U) NH.
As Hg, is connected, we can write hg = e*! ---e*™ for some x; € E¢,. By further shrinking S
if necessary, we may assume that there are sections s; : S — FE for i = 1,...,m of the form
5:(€) = (5i(€),€), where y;(&) = x;. Then h(€) = e¥(&) ... e¥m(&) is a map S — G such that
(h(€),&) € H for all £ € S and h(&y) = ho. Define ¥ : g x S — G x S to be the composition of
® and the diffeomorphism (or biholomorphism) G x S — G x S given by (g,&) — (h(§)g, &),
ie.

V(x4 y,&) = (h(§)e"e?,§) forall{ €S, € Ee, and y € Fp.

Note that ¥ is a diffeomorphism (or biholomorphism) onto its image, (U NE) = ¥(U) N'H,
and U(0,&) = (ho,&). We conclude that H is a submanifold in a neighborhood of (hg,&). O

Remark 4.19. The assumption in Theorem 4.18 that the groups H¢ are connected can be replaced
by the following more general condition: for each & € S and hg € Hg,, there is a map s (smooth
or holomorphic) from a neighborhood of & in S to G such that s(&y) = ho and s(§) € H¢ for all
&. In this case, the proof shows that H is a submanifold of G x §' if it is closed.

4.5 Integration of G-invariant submanifolds
Let G be a Lie group with Lie algebra g and let S C g* be a G-invariant submanifold.
Lemma 4.16 tells us that S is a Poisson submanifold of g*, and we let og : T*S — T'S denote
the Poisson bivector field that it inherits as such. One may then attempt to find a symplectic
groupoid that integrates (S, 0g), i.e. a symplectic groupoid with Lie algebroid (TS, 05 : T*S —
TS). In what follows, we relate symplectic reduction along S to the process of integrating
(Sa US)'

As S is a Poisson submanifold, its stabilizer subalgebroid is given by Lg = T'S°. We also
know Poisson submanifolds to be stable (Lemma 4.14), so that

hg = TSSO

is a Lie subalgebra of g for all £ € S. Let H¢ C G be the connected Lie subgroup of G' with Lie
algebra he and suppose that

H={(9,§) e GxS:g€c He} (4.9)

is a submanifold of T*G. It follows from Theorem 4.17(iii) that H is a source-connected stabilizer
subgroupoid of S in T*G = g*. Suppose also that (S, H) is a clean reduction datum for the action
of G on T*G by right translations, so that the universal reduced space

Mes = T*G lsy G = (G x S)/H

described in §4.3 is a Hamiltonian G-space. Note that if H is closed in G x S, then H is a
submanifold of 7*G (Theorem 4.17(iv)) and (S, H) is clean (Lemma 4.3).
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Remark 4.20. The stabilizer subgroupoid (4.9) of a G-invariant submanifold S C g* has been
studied as a so-called character Lagrangian. We refer the reader to [Wei82], [GS82b, Eq. (4.5)],
[GS83], and [GS13, §12.5] for further details.

THEOREM 4.21 (Theorem D(iv)). Let S C g* be a G-invariant submanifold. Assume that (4.9)
is a submanifold of T*G and that (S, H) is a clean reduction datum for the action of G on
T*G by right translations. The symplectic manifold Mq s then has the structure of a symplectic
groupoid integrating (S,o0g). The underlying source and target maps are given by
s:Mas — S5, [(¢,)]— Ady§ and t:Mgs— 5, [(9,§)]— ¢ (4.10)
Proof. Note that H is a Lie subgroupoid of G x S = (T*G)|s. Hence, to give
M=Mgs=(GxS)/H

the structure of a Lie groupoid over S, it suffices to show that H is normal in G x S. This
amounts to checking that (ghg_l,Adg;é) €H for all g € G and (h,§) € H. In other words,
we want to show that

gHeg ' C Hpgze forallge Gand ¢ € S. (4.11)
Note that G-invariance of S yields Ady(T¢S) = Tha: ¢S, s0

Ady((TeS)°) = (TaazeS)°-
We conclude that Adghe = b Adigs and (4.11) now results from connectedness of He. It follows
that 90t is a Lie groupoid with source and target maps given by (4.10).
Let T'gp C 9 x M x M be the graph of multiplication in M. Similarly, let G :=T*G and let
['g be its graph of multiplication. Recall that I'g is Lagrangian in G x G x G~ by assumption.
We have
Ton = (g N (G x 5)?),

where 7 : G x S — 91 is the quotient map. On the other hand, let @ and w be the symplectic
forms on M x M x M~ and G x G X G, respectively. Note that for all ui,us € TTg9y, we have
u; = dn(v;) for some v; € TTg and, hence,
w(ui,u2) = w(vy,v2) = 0.
It follows that I'gy is Lagrangian in 9T x 9T x 917, so that I is a symplectic groupoid.
Note also that H acts trivially on S, as H¢ is contained in the G-stabilizer of £ for all £ € S.

Theorem 2.24 or Theorem 3.16 then implies that the source map s: T*G — g* descends to a
Poisson map 9 — S. We conclude that 9 integrates (S, 0g). O

Remark 4.22. The assumption that the groups H¢ are connected can be omitted if (4.11) holds.

Ezxample 4.23. Let G be a compact Lie group with Lie algebra g and choose a G-invariant inner
product (-,-) : g ®g g — R. This induces an inner product on g*, in which context one has the
Lie—Poisson sphere [Marl4]

S(g") ={{eg”: €] =1}
Note that (T¢S(g*))° = RE, for all £ € S(g*), where &, is the unique element of g satisfying
(&, ) = &. Tt follows that the stabilizer subgroupoid (4.9) of S(g*) is of the form

H={(% €& ecGxg:|¢|=1,1tecR]}.

Note that H is closed in 7" G|g(g+) if and only if g = su(2). Indeed, in rank higher than one, almost
all fibers of H are dense lines on tori. This is consistent with the fact that S(g*) is integrable to
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a symplectic groupoid if and only if g = su(2) (see [Mar14]). If G = SU(2), then S(g*) = S? is a
symplectic leaf and

TG flggy G = 5% x (8%)”

is its canonical integration. This is a straightforward consequence of Lemma 4.25 in the next
subsection.

4.6 Symplectic reduction along a coadjoint orbit
Let (M,w) be symplectic manifold and G a Lie group acting on M in a Hamiltonian way
with moment map p: M — g*. We now describe the symplectic reduction of M by G along a
coadjoint orbit O C g*.
LEMMA 4.24. The coadjoint orbit O C g* is pre-Poisson and

H={(9,§) € GxO:Ad{ = ¢} (4.12)
is a stabilizer subgroupoid of O in T*G.
Proof. Lemma 4.16 implies that O is a stable pre-Poisson submanifold of g*. Note that for all
£ € O we have (T:0)° = ge, so the Lie subalgebra b = (T¢O)° N g¢ of g considered in (4.8) is

g¢. By Theorem 4.17(ii), it suffices to check that H is isotropic in 7*G. To this end, we first
compute the tangent space of H at a general point. Consider the map

SO:GXO—>Q*7 (975)’—>Ad25_£7

noting that Ty eH = kerdyp(,¢). Note also that any vector in T, (G x O) is of the form
(u,ady€) for some u,v € g. We then have

* d u * * * * *
d@(g,f) (u? advg) = % (p(get >Adetv£) = Adg(adu§ + advg) - adv§7
t=0

so that
TigoH = {(u,ady§) : u,v € g and ady{ = (Ady-, — 1)ad; &}
Let (u;,ad; §) for i € {1,2} be two such vectors. By (4.1), we have
Qg,) ((u1, ady, €), (u2, ady, &) = —(ady, &) (u1) + (ady, &) (u2) — &(fur, ual). (4.13)
The first term of (4.13) is
—(ady, &) (u1) = (ady, §)(v2) = (Adg — 1)(ady, §)(v2) = E([Adgvz, v1] + [v1, va]),
and a similar computation shows that the second term is

(ady, ) (u2) = ([v2, Adgor] + [v1, v2]).
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The third term of (4.13) is

—&([wr, uz]) = (ady, §)(u2)

Adyo — 1)(ady, €) (u2)
= {([Adguz, v1]) + &([v1, u2])
E([U%Ad —101]) — &([uz, v1])
= (ad;,§)(—Adg-1v1 + 1)
= (A

d* L — 1)(ad?,€)(—Ady-1vy +vy)

(
= (A

= —{([1}1, 1}2] [’Ug, Adgvl] [’Ug, Ad 11}1] [1)1, ’02])
= —{(2[v1, v2] + [v2, Adgui] + [Adgva, v1]).

By combining the last three expressions with (4.13), we obtain

Q(g,&)((uh adzlé)v (u27 adigf)) =0. O

Note that H is closed in T*G/|p. Proposition 4.10 therefore implies that
Ma.on = T*G//QH G
is a Hamiltonian G-space.
LEMMA 4.25. There is a canonical symplectomorphism
Maon — OxO,

and it is equivariant for the Hamiltonian G-action on Mg o # and the G-action on the first factor
of O x O

Proof. We have Mg.on = (G x O)/~, where (g,&) ~ (gh™1,&) for all (g,£) € G x O and
h € G¢. This implies that the map

P:GxO0—0x0, (9,8 (Adg,8),

descends to a diffeomorphism Mg o n = O x O~. To show that it is a symplectomorphism, we
need to show that ¢*(3, —3) = i*Q), where € Q% is the Kirillov-Kostant—Souriau symplectic
form on O, ¢ is the inclusion G x O — T*G = G x g*, and 2 is the canonical symplectic form
on T*G.

Observe that we have a short exact sequence

0—ge—9—T:0—0,

where the map g — T¢O is given by x —— ad}£. Observe also that § is characterized by the
condition

Be(adz€, ady€) = ([, y])
for all z,y € g. We then find that

dip(g.e)(x,ad;§) = (adzdg(ﬁy)AdZ{, adyg),
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(B, =0) (g.¢) ((z, adyg), (u, adyg)) = —(Ad€) ([Ady(z + y), Adg(u +v)]) + &([y, ul)
= —&([z +y,u+]) +&([y, v])
= —&([z, u] + [z, 0] + [y, u]).
On the other hand,
Qg0 ((z,ady8), (u, ady€)) = —ady€(x) + adyg(u) — &([z,u))
= —&([z, u] + [z, 0] + [y, u]).
It follows that ¥*(3, —8) = i*Q. O

The symplectic reduction M /jn 4 G of M by G along O with respect to (4.12) is not
necessarily u=1(0)/G (see [KKS78]), but the two are closely related.

PROPOSITION 4.26 (Theorem F(i)). Let H be defined by (4.12) and suppose that (O, H) is a
clean reduction datum for the action of G on M. Then there is a canonical symplectomorphism

M [lo4,G = pn~ 1 (0)/G x O~

Proof. By Theorem 4.11, this is a consequence of Lemma 4.25 and the ‘shifting trick’ (M x O) /),
G=u10)/G. O

Remark 4.27. As will be explained in forthcoming work of Balibanu and Mayrand, one can
obtain the usual Hamiltonian reduction p~1(Q)/G directly by taking the quotient by the action
groupoid G x O =2 O instead of H.

4.7 Symplectic implosion
The following subsection only applies to the smooth category.

Let K be a compact connected Lie group with Lie algebra . Let us also fix a maximal torus
T C K with Lie algebra t C ¢. Write ® C (it)* for the associated set of roots and let oV € it
denote the coroot determined by a € ®. Choose a closed fundamental Weyl chamber t} C t*
and let A C ® be the induced set of simple roots, i.e.

th ={¢et :¢aY)>0foral a €A}
The faces of t% are in one-to-one correspondence with the subsets o of A via
or— Sy ={¢ct:&aY)=0foral ac€oand&(a’)>0foralacA\o}.

If S Ct} is a face, then the K-stabilizers K¢ and K, coincide for all {,n € S; we write Kg for
this common stabilizer.

LEMMA 4.28. Let S C t be a face. Then S is a pre-Poisson submanifold of €* and
[Ks, Ks] x S (4.14)
is a stabilizer subgroupoid of S in T*K = K x t*.

Proof. Note that [Kg, Kg| is the connected Lie subgroup of G with Lie algebra [tg,£s]|. This
combines with Lemma 4.5(iii) and reduces us to showing the following: for all £ € S, the Lie
algebroid fiber

(Ls)e ={xect:x e (1:5)° and ad £ € T:S}
is equal to [E¢, €¢].
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Identify ¢ with € via a K-invariant inner product (-,-) : ¢ ®r ¢t — R, and let y € £ be the
element corresponding to { € S. Then T¢S corresponds to the intersection of all root hyperplanes
containing y, i.e. to

It therefore suffices to show that

Ly =V} nad, (V)

is equal to [t,, &,].
Note that if x € L, then

[z,y] e Vyn[e 4 Ctnle, 4 =0,
so, in fact, L, = Vyl N ¢,. On the other hand, consider the complexifications g := £c and b = ¢

of £ and t, respectively. Then (V},)c is the intersection of ker a for all roots o : h — C such that
a(y) = 0. In light of this, it suffices to show that

(Vy)é N gy = [gy, 9y)-
Let
U :={aed:aly) =0}
One sees that ¥ is a closed root subsystem of ®. It therefore determines a semisimple subalgebra

[Dyn52]:
gv = by & P ga,

aev
where by is the span of the coroots o for all a € ¥ (see e.g. [VGO90, Chapter 6, §1]). Note

that
gy = [] @ @ gon
acvy

S0 [gy, 8y] = gw. We also have
(Vy)((% =bhy ® @ Yo
acd

so (V)¢ Ngy = gu = [gy, gy]. Our proof is therefore complete. O

Now let K act on a symplectic manifold (M,w) in a Hamiltonian way with moment map
w: M — £, Recall that the imploded cross-section of M (see [GJS02]) is the quotient
topological space
Mimpl = uil(t:)/wv
where p ~ ¢ if p =k - ¢ for some k € [K u(p)s & u(p)]' This space can also be written as the disjoint
union

Mirnpl = U Mil(SU)/[KSwKSa]?
oCA

where each piece u=1(S,)/[Ks,, Ks,] is a symplectic manifold. By Lemma 4.28 and the fact that
the groups [Kg, Kg] in (4.14) are connected, we obtain the following result.

1916

https://doi.org/10.1112/S0010437X22007710 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X22007710

SYMPLECTIC REDUCTION ALONG A SUBMANIFOLD

PROPOSITION 4.29 (Theorem F(ii)). The symplectic reduction of M by K along t! is the
imploded cross-section of M by K, i.e.

M//tj_K = Mimpl- 0

Remark 4.30. Although the subset t} C £* is not a submanifold, we define the quotient as in
Remark 2.17.

Remark 4.31. Proposition 4.29 shows that the universal reduced space S)JTKJ»; is the universal
imploded cross-section (T*K)imp1 (see [GJS02, §4]). The universal property of (7K )imp1 (see
[GJS02, Theorem 4.9]) is then a special case of Theorem 4.11.

4.8 Symplectic cutting
The following subsection only applies to the smooth category.
The symplectic cut construction of Lerman [Ler95] and its generalization to torus actions
[LMTWO98]| can be viewed as symplectic reduction along a polyhedral set, as we now explain.
Let (M,w) be a symplectic manifold with an effective action of a compact torus T with
moment map p : M — t*. Following [LMTW98, § 2], let P C t* be a convex rational polyhedral
set of the form

P={{et" :&(v;) > b foralll <i< N}

for some N € N, v1,...,vy € tin the integral lattice of T, and b = (b1, ..., byx) € RY. The vectors
v; define a Hamiltonian action of ()™ on M x CV with moment map v : M x CV — R,
where the ith component of v is v;(p, z) = u(p)(vi) — |zi|*. The symplectic cut of M with respect
to P is the Marsden—Weinstein-Meyer reduction of M x CV by (S1)V at level b. We denote this
reduced space by Mp.

Although Mp is singular in general, it is stratified into symplectic manifolds. A more precise
statement is that

Mp = Jpu ' (F)/TF,
F

where the union ranges over the open faces F' of P and Tr C T is the torus whose Lie alge-
bra is (T¢F)° C t for any £ € F. Each manifold u~'(F)/TF is given a symplectic structure wp
characterized by

TRWE = i pw,
where 7 : p~1(F) — pu~Y(F)/Tr is the quotient map and ip : u~'(F) — M the inclusion
map.
As the Poisson structure on t* is trivial, every face I is Poisson and, hence, stable
(Lemma 4.14). Theorem 4.17(ii) then shows that Tr x F' is a source-connected stabilizer sub-

groupoid of F in T*T. The symplectic manifold p~(F)/TF is then the symplectic reduction
M/ T of M by T along F'. These considerations allow us to deduce the following result.

PROPOSITION 4.32 (Theorem F(iii)). The symplectic reduction of M by T along a polyhedral
set P is the symplectic cut of M with respect to P, i.e.

M/, T = Mp. 0

4.9 Symplectic reduction along a decomposition class
Let G be a connected complex semisimple linear algebraic group with Lie algebra g, and let
g, denote the g-centralizer of x € g. Write x = x5 + x,, for the Jordan decomposition of any
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z € g into a semisimple element x; € g and a nilpotent element z, € g. This gives rise to an
equivalence relation ~ on g, in which z ~ y if and only if g,, = Ady(g,,) and z, = Adyy, for
some g € GG. The resulting equivalence classes are called decomposition classes (also known as
Jordan classes) and play an important role in Lie-theoretic geometry [BK79, Bro98a, Bro98b,
Spa8&2, ImH05, Mor08, Pop08]. Among other things, each decomposition class D C g is a smooth
[Bro98b, Corollary 3.8.1(i)], locally closed [TY05, Corollary 39.1.7(ii)], G-invariant subvariety of
g. It follows from Lemma 4.16 that D is a stable subvariety of g, allowing us to concretely study
stabilizer subgroupoids of D in the cotangent groupoid 7*G = g. On the other hand, suppose
that € D and consider the [G,,, G, |-stabilizer (G4, , Gz, |z, and gz, , 9z, |-centralizer [g;., 9. ]z,
of the nilpotent part x,, € [gs,, gz,]. Let us also consider the identity component [G,, Gy,]5 of
[Gz,,Gg,lz, for each z € D. The group scheme

Hi={(9,1) € GxD:g¢€ Gy, G5} — D (4.15)
is a subgroupoid of T*G = g if we use the Killing form and left trivialization to identity T*G
with G x g.

Remark 4.33. The conjugacy classes of [G,,, Gy, ]z, in G and [g., gz.]z, in g are easily seen to
be independent of x € D. It follows that any two fibers of (4.15) are isomorphic as algebraic
groups.

Remark 4.34. If x € g is semisimple, then [G,,G,,]; = [Ge, Ge]. The stabilizer subgroupoid
(4.15) thereby takes a simpler form if D consists of semisimple elements.

ProrosiTIiON 4.35. If D C g is a decomposition class, then w:H — D is a stabilizer sub-
groupoid of D in T*G = g. Furthermore, (D, H) is a clean reduction datum for the action of G
on T*G by right translations.

Proof. We begin by verifying that H is closed in G x D. To this end, fix any y € D, set Q :

=[Gy, Gy.ly,, and let R be the normalizer of @ in G. We may G-equivariantly identify G/R

with the set of closed subgroups in G conjugate to @, i.e. via the unique G-equivariant bijection
sending the identity coset [1] € G/R to Q. Associating the subgroup [G.,,Gz,];, to each z € D
then defines a continuous map ¢ : D — G/R. On the other hand, we may choose an open
neighborhood U C G/R of [1] and a holomorphic section s: U — G of G — G/R satistying
s([1]) = 1. Now set V := ¢~ }(U) C D and note that

t:V—0G, z+— s(¢(x))
is a holomorphic map satisfying
t(2)Qt(x) ™" = [Ga., Gu ],
for all x € V. The map
VxQ—r V), (,9) (Hx)gt(x)" )

then defines a trivialization of 7 : H — D over V. As @ is closed in G, we conclude that H is
closed in G x D.
We now note that

D= G(ﬁ(gzs)min + o),

where

3(92)™" = {y € 3(gs,) : dim(g,) < dim(g.) for all z € 3(gs,)}

1918

https://doi.org/10.1112/S0010437X22007710 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X22007710

SYMPLECTIC REDUCTION ALONG A SUBMANIFOLD

is the locus of elements in 3(g,,) having g-centralizers of minimal dimension [TY05, Corollary
39.1.7]. This description of D implies that
T.D = 3(gz.) + [9, 7]

for all z € D. Writing V- C g for the annihilator of any subspace V C g under the Killing form,
we conclude that

for all x € D. This combines with the source-connectedness of H — D, the closedness of H in
G x D, and Theorem 4.17 to imply that H is a stabilizer subgroupoid of D in T*G = g*.

It remains only to prove that (D, H) is a clean reduction datum. However, this is an immediate
consequence of Proposition 4.10(ii). O

The clean reduction datum (D, H) in Proposition 4.35 determines a universal reduced space

Me.prH =Mep. An examination of (4.15) reveals that
Mep = (G xD)/H=| | G/[Cs,.Culs,,
z€D
where G acts on the third space via left multiplication on each factor. Given any x € D, this
observation and the proof of Proposition 4.35 allow us to describe the tangent space of ([1],z) €
Map as
T([l],x)imG,D = T[I}(G/[st, st]gocn) ® 12D = 9/(8ass 02y, @ [900579903];”'

One immediate consequence is that

dimMep =2dimD = 2dim G — 2dim([Gs,, Ga,]z,) (4.16)

for all x € D. Another consequence is that the symplectic form w on Mg p is characterized
by being G-invariant and defined as follows on T(, 1yMa,p = 8/[8z., 92.)en @ [, 8o, 3, for all
z € D:

W) (([ua], G, ([uzl, C2)) = —(ua, G2) + (uz, (1) — (@, [u1, uz))

for all [u1], [ug] € 9/[8as, 82.)z, and (1, (2 € [, 0a,)z,, Where (-, ) denotes the Killing form on
g; this formula is a consequence of (4.1) and Theorem 3.10(iv). We also know that 9tz p has
the structure of a holomorphic symplectic groupoid integrating D, as follows from Theorem 4.21
and Proposition 4.35.

Ezample 4.36 (Theorem E(ii)). We now discuss a curious application of this discussion. Consider
the subsets

Girr =0\ Greg, s = {2 € g: x is semisimple} and geubreg = {2 € g : dimg, = £+ 2}
of irregular, semisimple, and subregular elements in g, respectively. The intersection
g?rr =gsN Jsubreg

is an open dense subset of gy equal to the disjoint union of finitely many decomposition classes
[Pop08, Remark 3.7(a)]. Each of these decomposition classes consists of semisimple elements and
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has codimension three in g (see [Pop08, Lemma 3.6]). These considerations and Proposition 4.35
imply that g7 C g is a smooth, G-invariant, stable subvariety of g admitting

H = {(g,.ﬁ[)) S G X g?rr ' g S [G277G27]} L) gfrr
as a source-connected stabilizer subgroupoid. It follows that

Mo = | | G/[Ga, Gal,

TEG,

where G acts on the right-hand side by left multiplication on each factor. Each of the subgroups
[G., G| appearing above is three-dimensional and has Lie algebra [g,, g.] = slo. This combines
with (4.16) to yield

dim mG7g?rr =2dim G — 6.

The symplectic form and symplectic groupoid structure on M g0 are described analogously to
those on M p in the previous paragraph.

5. Main construction: algebraic version

We now develop, prove, and explore the consequences of Theorem C, a counterpart of Theorems
A and B in complex algebraic geometry. This undertaking begins with some algebro-geometric
preliminaries in §5.1. Theorem C is proved in §5.2 and followed by examples in §5.3 and §5.4.
The last of these sections uses Theorem C to derive the Ginzburg-Kazhdan construction of
Moore-Tachikawa varieties.

5.1 Algebro-geometric preliminaries
In the interest of clarity, we now briefly outline the algebro-geometric counterparts of some
definitions in § 3. We work exclusively with algebraic varieties over C.

5.1.1 Quotients. Suppose that an algebraic groupoid ‘H = .S acts algebraically on a vari-
ety N. An H-invariant variety morphism 7 : N — @ then determines a sheaf (7,Oxn)™ on Q,
ie. (mON)"(U) is the algebra of H-invariant elements of Oy (7~1(U)) for each open subset
U C Q. Observe that pulling back along 7 defines a sheaf morphism

Og — (W*ON)H. (5.1)

DEFINITION 5.1. Suppose that an algebraic groupoid H = S acts algebraically on an algebraic
variety IN. We define an algebraic quotient of N by H to be an H-invariant morphism 7 : N — @
for which (5.1) is an isomorphism.

Ezample 5.2. If N is an affine variety and the algebra C[N]™ of H-invariant regular functions is
finitely generated, then the morphism N — Spec C[N]™ is an algebraic quotient.

5.1.2 Stabilizer subgroupoids. We shall use the term symplectic variety in reference to a
smooth algebraic variety endowed with an algebraic symplectic form. The term Poisson variety
shall be used for a potentially singular algebraic variety X whose structure sheaf Ox is a sheaf
of Poisson algebras. Now suppose that X is a smooth Poisson variety. The Poisson bracket can
then be encoded by a Poisson bivector field o : T* X — T'X. A smooth locally-closed subvariety
S C X shall be called pre-Poisson if ¢~1(T'S) N'T'S° has constant rank over S.

Now let G = X be an algebraic groupoid for which G and X are smooth varieties. If G comes
equipped with an algebraic symplectic form €2 such that the graph of multiplication is Lagrangian
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in G x G x G, then G = X shall be called an algebraic symplectic groupoid. Each pre-Poisson
subvariety S C X then determines a Lie subalgebroid

Ls =0 YTS)NTS°

of T*X = Lie(G), to be called the stabilizer subalgebroid of S. We define a stabilizer subgroupoid
of S in G to be any smooth algebraic groupoid H == S integrating Lg, together with an algebraic
Lie groupoid homomorphism j : H — G such that j*Q = 0.

5.1.3 Algebraic Hamiltonian systems. Definition 2.1 has an obvious algebro-geometric ana-
log, i.e. a notion of an algebraic Hamiltonian action of an algebraic symplectic groupoid on a
symplectic variety. In turn, this gives rise to the definition of an algebraic Hamiltonian system.

5.2 Complex algebraic symplectic reduction along a subvariety

Given any algebraic variety (Z,0z), let O%" denote the structure sheaf that realizes Z as a
complex analytic space. For a point z € Z, we may identify the stalk Oz . with a subalgebra of
0%

THEOREM 5.3 (Theorem C). Let ((M,w),G = X, ) be an algebraic Hamiltonian system and
S C X a pre-Poisson subvariety for which N := p~1(S) is reduced. Suppose that 7 : N — @ is
an algebraic quotient of N by a stabilizer subgroupoid H = S of S.

(i) For all pe€ N and f € Ogq (), there exists F € M p such that 7 f = F|y € Oy, and
dF(TN®) = 0.
(ii) There is a unique algebraic Poisson structure {-,-}g on @ such that
ﬂ*{f’g}Q ={F,G}|n
for all f,g € Oq(p) and F,G € Of} | related to f, g as in part (i).

(iii) Assume that there exists p € N such that dm, is surjective, 7~1(m(p)) is an H-orbit, and
7(p) is a smooth point of Q). The Poisson structure in part (ii) is then non-degenerate on a
Zariski-open subset of the smooth locus of Q) containing m(p).

Proof. To prove part (i), let D :=TN NTN¥. By Proposition 3.7, we have D, = T,(H - q) for
all ¢ € N. It follows that

* an
T € On,y C O,

and d(7* f)(D) = 0, so we can find such an F' by Proposition 3.6.

To prove part (ii), let U C @ be Zariski-open. Theorem 3.8 provides a Poisson bracket {-, -}’
on O (7~ 1(U))™. It suffices to show that the subalgebra Oy (7~ 1(U))" = Og(U) of algebraic
functions is closed under this bracket.

Let f,g € Og(U), let p € 7= Y(U), and let F,G € Of , be related to the germs fr(y), Gr(p) €
OQn(p) as in part (i). By definition, the germ of {7*f,7*g}’ at p is {F, G}|n € OR,. It therefore
suffices to show that {F, G}|x is algebraic, i.e. that it lies in the image of the map On;, — OR,.

Suppose that X is affine for the moment. As T'S + o (7'S°) has constant rank, one may choose
an algebraic subbundle R C T'X|g such that

TX|s = (TS + o(TS°) ® R.

Remark 3.5 and the proof of Proposition 3.4 imply that there is a complex analytic Poisson
transversal Y C X such that

TS@ R=TY|s.
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By [FM17, Lemma 7], Y and u are transverse and P := p (V) is a complex symplectic
submanifold of M. It follows that

E:=duy ' (TS® R) =TP|y (5.2)
is an algebraic subbundle of T'M |y satisfying
TM|y =E®E“. (5.3)

As F is locally trivial, we may extend the projection £ @ E¥ — FE to an algebraic section 6 of
End(T'M|w) for some affine-open neighborhood W of p. o
_ Noting that F|y = 7*f and G|y = 7*g are algebraic, we may choose F',G € Oy, satisfying
F|n = F|ny and G|y = G|n. We claim that

{F,G}n =w(0(X3),0(X5)) v (5.4)
as germs in O?\}fp. As the right-hand side is in Op,, this would prove part (ii) in the case of an
affine X.

To verify (5.4), note that N is coisotropic in P. We therefore have TN“ N E C T'N, which
in turn forces TNY = D @ E“ to hold. It follows that

w(O(Xp), TN¥) = w(0(Xf), D) = w(Xf, D) = dF(D) = d(n* f)(D) = 0,

i.e. 0(Xz) is tangent to N. As dF(TN*) = 0, we get that 0(X ) — X is also tangent to N. On
the other hand, the inclusion TN C F tells us that

w(®(Xz) — Xp,TN) =w(Xz — Xp,TN) = d(F — F)(TN) = 0.
We conclude that (X ;) — Xp takes values in TN NTN“ = D and, hence,
AG(O(X 5) — Xp)|y = d(x*9) (0(X ) — Xp)|x = 0.
One then deduces that
{F.G}n = w(Xp, X¢)ly = —dG(Xp)|n = —dG(Xp)|y = —dG(0(Xz))|v = w(0(Xf). Xe)|n
= w(0(Xp),0(Xe))|n-

This proves part (ii) if X is affine. For the general case, one simply chooses an affine-open
neighborhood V' of u(p) in X and repeats the argument with S and X replaced by SNV and
V', respectively.

The proof of part (iii) is entirely analogous to that of Theorem 3.10(iii). O

DEFINITION 5.4. The Poisson variety ) in Theorem 5.3 is called the symplectic reduction of M
by G along S with respect to H and w. In this case, we denote @) by M//S,Hm g.

Remark 5.5. Although the Poisson structure on @ is algebraic, it may not always be possible to
write 7{f, g} = {F, G}|n for algebraic functions F, G satisfying part (i). To be more explicit,
let (M,w),G = X, ), (S,H), and 7 : N — @ be as in Theorem 5.3. Part (i) tells us that for
all pe€ N and f € Ogr(p), there exists an analytic germ F € Of; ) such that 7 f = F|y and
dF(TN¥) = 0. It is natural to ask whether F' can be taken to be algebraic. This would certainly
afford a more direct proof of the algebraicity of the Poisson bracket in part (ii) (cf. Remark 5.5).
Although this approach works if N is coisotropic, it fails in the general case. Indeed, finding
F such that dF(TN“) =0 is essentially solving a first-order partial differential equation; its
solutions have no reason to be algebraic. To see this, consider the following example.

Take M = C* with coordinates (z,y,u,v) and symplectic form w = dz A dy + du A dv.
Consider the pair groupoid G := M x M~ acting on M with moment map the identity M — M
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(cf. Example 2.28). Then ((M,w),G = M, 1d) is an algebraic Hamiltonian system. We claim that
the subvariety

S = {(z,y,u,v) € C*: 2* = u # 0,y = 0}

is pre-Poisson.

Observe that T'S is spanned by 0, + 220, and 9,. We then find that T'S° is spanned by
du — 2z dx and dy, and w(TS) is spanned by dx + 2z dv and du. It follows that the stabilizer
subalgebroid Lg = w(T'S)NTS° of S is trivial, so that S is pre-Poisson. The trivial groupoid
‘H over S is then a stabilizer subgroupoid of .S in G, and the identity map .S — S is an algebraic
quotient of S by H. We are therefore in the context of Theorem 5.3.

On the other hand, we claim that there exist p € S and f € Og, such that there is no
algebraic germ F' € Ojr,, with F|g = f and dF(T'S¥) = 0. To this end, let f : S — C be given
by f(x,y,u,v) =x. Note that T'S¥ is spanned by 220, — 0, and 0,. It follows that a germ
F € Oy for p € S satisfies dF(T'S*) = 0 if and only if

oF
20— — — = — =
x@y 50 0 and Ep 0

on S. Solving this partial differential equation with the constraint F|g = f, e.g. by the method
of characteristics, we find that

F=Vu+g

for any g € Ig, where Zg is the analytic ideal of S and the square root is defined by a branch of
the logarithm such that V22 = z near p. Note that u # 0 on S, so F is well-defined as a germ
at p. However, there is no g € Ig such that \/u + g is algebraic.

5.3 Poisson and hyperkéihler slices

Suppose that G is a connected complex semisimple linear algebraic group with Lie algebra g.
Use the Killing form to freely identify g and g* as G-modules. The Lie algebra g thereby inherits
a Poisson variety structure from g*. At the same time, recall that 7 = (e, h, f) € g* is called an
slo-triple if the identities

le,fl=h, [h,e]=2e, and [h,f]=-2f
hold in g. One then has an associated Slodowy slice
‘ST =€ + gf g ga

which is known to be a Poisson transversal in g (see [GG02, Section 3.1]).

Fix an slo-triple 7 € g> and suppose that p: M — g is a Hamiltonian G-variety, i.e. an
algebraic Hamiltonian system ((M,w),G = X,u) with (G = X) = (TG = g). The previous
paragraph and Example 2.27 tell us that

M; = ,u_l (ST)

is a symplectic subvariety of M, and that the trivial groupoid is a stabilizer subgroupoid of S;.
It follows that M., is the symplectic reduction of M by T*G = g* with respect to S, and the
trivial stabilizer subgroupoid H = S;.

The symplectic variety M //s G = M; has been studied in each of the following contexts.

(i) One obtains M, as a special case of the Poisson slice construction in [CR20].
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(ii) If M is hyperkdhler and satisfies a mild condition, then M, is hyperkéhler [Bie97,
Theorem 1] and called a hyperkdhler slice [Biel7]. The study of hyperkéhler slices orig-
inates in Bielawski’s works [Bie97, Biel7] and occurs in the subsequent papers [CR19,
CP21].

(iii) Consider the symplectic manifold 7*G equipped with the action of G by right translations.
One then finds that (T*G), = Mg s, = G x S;. This symplectic subvariety of 7*G is some-
times called a Nahm pole, and it receives considerable attention in [Bie97, MT12, Biel7,
CR19]. It enjoys a universal property, i.e. M, = (M x (G x S;)//, G under certain hypothe-
ses (see [Biel7, Theorem 1(ii)] and [CP21, Proposition 4.2]). This can now be viewed as a
special case of Theorem 4.11.

5.4 The Moore—Tachikawa TQFT
Retain the Lie-theoretic objects and conventions established in the first paragraph of §5.3.
Consider the locus of regular elements

Oreg = {33 €g: dlm(gx) = f} C g,

where £ is the rank of g and g, C g denotes the g-centralizer of x € g. Let us also fix a principal
slo-triple, i.e. an sly-triple 7 = (e, h, f) € g for which e, h, f € greg. The Slodowy slice

S=85;

is a fundamental domain for the action of G on greg (see [Kos63, Theorem 8]), and it is a section
of the adjoint quotient

X : g — Spec(C[g]®) = ¢
[Kos63, Theorem 7]. This gives context for a conjecture of Moore-Tachikawa [MT12] and its
appearances in the literature [Callb, Aral9, BFN19, Bie21].

Moore and Tachikawa [MT12] have conjectured the existence of certain topological quantum
field theories (TQFTs) valued in HS, the category of affine symplectic varieties with Hamiltonian
actions. This category has complex semisimple linear algebraic groups as its objects. A morphism
Hy — Hy is an equivalence class of an affine symplectic (H; x Ha x C*)-variety® for which the
symplectic form has C*-weight —2 and the action of Hy x Hs is Hamiltonian; two such varieties
are declared to be equivalent if they are (H; x Hy x C*)-equivariantly symplectomorphic. In this
context, one defines morphism composition as follows:

Xo0 X1 = (X1 X XQ)//HQ S HomHs(H1,H3)

for all X; € Hompyg(Hy, Hy) and Xy € Hompys(Hs, Hs), where (X7 x X9)// Hy is the affine geo-
metric invariant theory (GIT) quotient by Hs of the zero-level set of the Ho-moment map on
X1 X Xj. The identity object in Homyg(H, H) is then T* H, equipped with its usual Hamiltonian
(H x H)-action and its fiberwise dilation action of C*.

It turns out that HS is a symmetric monoidal category with duality; the symmetric monoidal
structure is with respect to the usual products of linear algebraic groups and the usual products
of affine symplectic varieties. The dual of H € Ob(HS) is defined to be H itself, whereas the
corresponding evaluation and coevaluation morphism are

T*H € Hompg(H x H,{e}) and T"H € Homps({e}, H x H),

5 In this one case, ‘symplectic variety’ refers to a potentially singular Poisson variety that is symplectic on an open
dense subset of its smooth locus. Symplectic varieties are otherwise understood to be smooth and everywhere
symplectic in our paper.
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respectively. On the other hand, one knows that two-dimensional cobordisms form a symmetric
monoidal category BOy with duality. These considerations lead to the following definition of
Moore-Tachikawa [MT12].

DEFINITION 5.6. A two-dimensional HS-valued TQFT is a symmetric monoidal functor 7 :
BOy — HS that respects duality.

Given a positive integer n, let

C,, € Hompo,(S*U---1 St 0)

n times

denote basic two-dimensional cobordism with n incoming circles. The Moore-Tachikawa
conjecture [MT12] is then formulated as follows.

CONJECTURE 5.7. If G is a connected complex simple linear algebraic group, then there exists a
two-dimensional HS-valued TQFT 7¢ : BOy — HS satisfying ng(S!) = G and n¢(C1) = G x S.

Remark 5.8. The condition n¢(C1) = G x S is imposed for physical reasons, as is explained in
[MT12, Section 3.3].

Let G be a connected complex simple linear algebraic group and 7ng : BO2 — HS a TQFT
satisfying Conjecture 5.7. The Hamiltonian G"-varieties

UG(Cn)a n 2 1

are sometimes called Moore-Tachikawa varieties. Examples include ng(Ci) =G xS and
nc(C2) = T*G, the second assertion being a straightforward consequence of Definition 5.6 and
Conjecture 5.7. One also knows that the third Moore-Tachikawa variety ng(C3) determines ng
(see [MT12, Section 3.2]). Proving Conjecture 5.7 thereby amounts to finding a suitable candidate
for ne(Cs).

Remark 5.9. The conjecture is known to be true for G = SL(2,C) and G = SL(3, C) (see [MT12]).
One has ngr,(2,c)(C3) = C? ® C? ® C?, whereas ns1(3,c)(C3) is the closure of the minimal nilpotent
orbit in the exceptional Lie algebra Eg.

Ginzburg and Kazhdan [GK] construct candidates for the Moore-Tachikawa varieties as
follows. Recall our discussion in §5.3(iii) of the symplectic subvariety

N=GxSCGxg=T'G

and adjoint quotient morphism x : g — ¢. One then defines the universal centralizer of G to be
the closed subvariety

J ={(g,x) eEN:g € G} CN,
where G C G denotes the G-stabilizer of x € g. We have the morphism
N —c¢ (g9,2) — x(z)
and its restriction
J—¢ (g,2) — x(x)
to J. The latter is an abelian group scheme over ¢, and it acts on A via the map

I x N —N, ((9,%),(h,z)) — (hg l,z), €S8, g€G,, heG.
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The kernel
TIn =ker(J Xc- X J — J)
N——

n times

of multiplication is then a group scheme over ¢ acting on

Ny =N Xxc-x N CN".
—_—
n times

Ginzburg-Kazhdan [GK] prove that A x--- x AN is coisotropic in AN, and that the corre-
sponding null-foliation is formed by the J,-orbits. They also show the geometric quotient

Zyol = Nn/jn
to be a smooth algebraic variety, so that Z; is necessarily symplectic. The left translation action
of G" on T*G" then descends to a Hamiltonian G"-action on Z.

Ginzburg and Kazhdan subsequently define Z,, to be the affinization of Z7, i.e. the G"-scheme
Z, = (Z;fb)z"ﬂr = Spec (C[/\/’n}j")

If C[N,,]7 is finitely generated for all n > 1, then the Z,, are Moore-Tachikawa varieties that
verify Conjecture 5.7 [GK].
Fix an integer n > 1 and let

A,S C gt
denote the diagonally embedded copy of S in g”. We may identify ¢ with S via the restricted
adjoint quotient
Xls: 8 =
and & with A,S in the obvious way. The three varieties ¢, S, and A,S are thereby treated

interchangeably in what follows. One immediate consequence is our ability to view J, as a
group scheme over A,S. At the same time, our identification T*G = G x g induces a further
identification T*G™ = (G x g)". The set-theoretic inclusion 7, C (G x g)" then renders J,, —
A,S a subgroupoid of T*G"™ = g".
THEOREM 5.10 (Theorem E(i)). The following statements hold for all integers n > 1.

(i) The diagonal A, S C g" is stable” and admits J,, as a stabilizer subgroupoid in T*G™ = g".
(ii) We have

Z, = T*Gn//(AnS,jn,wn) G",
where m, : N, — Z; is the geometric quotient map and G™ acts on T*G"™ by right

translations.
(iii) Assume that C[N,,]” is finitely generated. We have

Z, = T*G”//(An&jmﬁn) G",
where T, : N, — Z,, is the affine GIT quotient map, G™ acts on T*G" by right translations.

Proof. Our arguments make extensive use of the fact that S is a transverse slice to the adjoint
action [GGO02, Section 3.1]. This amounts to the statement that

g=grPlg,z] forallzes, (5.5)
where we have identified TS with gy and T, (G - x) with [g, z].

7 The algebro-geometric definition of ‘stable’ is identical to the manifold-theoretic one in §4.4.
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Lemma 4.4 implies that

(La,s)e = {1, yn) €% g1+ +yn € g and [z, 1] =+ = [z, yn] € g7},

for all z = (z,...,2) € A,S, where g]% is the annihilator of gy under the Killing form. On the
other hand (5.5) tells us that g¢ N [g, 2] = 0 for all z € S. One consequence is as follows: if [z, y;] €
gs, then [z,y;] =0, ie. y; € g,. Equation (5.5) also implies that g]% Ngz = (g5 + [g,2]) = 0.
These considerations and the observation that

In ={(g1,2),...,(gn,z)):x €S, g1,...,9n € Gz, and g1 --- g, = 1} (5.6)
give
(La,s)z={(y1,---,yn) € (82)" 191+ + yn = 0} = Lie((Jn)z) (5.7)

for all z € S, where (J,)z is the fiber of J,, over z € A, S. We also know that dim g, = dim g,
for all z,y € S, as S C greg. It follows that dim(La,s), is independent of z € S, i.e. A,S is
pre-Poisson. We also see that (La,s)z C (gz)" for all x € S, so that A,S is stable.

In light of (5.7) and Theorem 4.17(i)(iii), showing (J,)z to be connected for all z in an
open dense subset of S will force J,, to be a stabilizer subgroupoid of A,S. To this end, (5.6)
tells us that (J,)z = (G,)" ! for all x € S. We also know G to be a maximal torus if x € S
is semisimple. It follows that (7). is indeed connected for all z in an open dense subset of z,
completing the proof of part (i).

To establish the remaining parts, consider (4.2). This implies that the moment map for the
action of G™ on T*G" by right translations is

po(Gxg)" — g% ((91,21), - (gn, Tn)) — (21, -, Tn).
A further observation is that
T HARS) =N Xs - XxsN =N X X N =N,.
Parts (ii) and (iii) then follow immediately from the definitions of Z; and Z,, respectively. [

Remark 5.11. If G is of adjoint type, then the G-stabilizers of regular elements are connected. It
follows that 7, is a source-connected stabilizer subgroupoid of A, S in T*G"™ = g". We thereby
obtain the simplified expressions

Z?L = mG",AnS and Z, = (mG",AnS)aﬁv

where (Mgn a,5)* is the affinization of Man A, 5.

6. Shifted symplectic interpretation

We now interpret the notion of symplectic reduction along a submanifold in the context of
shifted symplectic geometry [PTVV13]. More precisely, we view our construction as a derived
intersection of two Lagrangians in a 1-shifted symplectic stack and obtain a 0-shifted symplec-
tic structure from [PTVV13, Theorem 2.9]. There are similar statements in the literature for
Marsden—Weinstein—Meyer reduction [Cal20, §2.1.2] and quasi-Hamiltonian reduction [Saf16].
We refer the reader to [PTVV13, Getl4, Cal20, PS20] for the relevant background on shifted
symplectic geometry.

Given an algebraic symplectic groupoid G = X, recall that the quotient stack [X/G] inherits
a 1-shifted symplectic structure (see e.g. [Cal20, §1.2.3], [Get14], and [Saf21, Proposition 3.31]).
Recall also that a Hamiltonian action of G = X on a smooth symplectic variety (M,w) with
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moment map p : M — X gives rise to a Lagrangian structure on the map [u] : [M/G] — [X/G]
(see [Cal20, Example 1.31]).

Consider a Lie subgroupoid H = S of G = X with morphism f : H — §. An isotropic struc-
ture on [f] : [S/H] — [X/G] is a closed 2-form (3 on S such that f*Q = s*5 — t*3, where Q is the
symplectic form on G (see [PTVV13, Definition 2.7] or [Cal20, § 1.3.2]). The isotropic structure
f is called Lagrangian if the induced morphism Ty — Lg% is a quasi-isomorphism [PTVV13,
Definition 2.8], where T and L denote the tangent and cotangent complexes, respectively, and

Ty = f"Tix/g -1 ® Tis/n
is the relative tangent complex with the differential given by the map Tis/ — f*T[x/g)-

PROPOSITION 6.1 (Theorem G(i)). Let H == S be a Lie subgroupoid of an algebraic symplectic
groupoid G =% X. The zero 2-form on S is a Lagrangian structure on [S/H| — [X/G] if and
only if H is the stabilizer subgroupoid of a pre-Poisson submanifold.

Proof. Note that 3 =0 is an isotropic structure if and only if H is isotropic in G. We may
therefore assume that H is isotropic, and aim to show that the trivial isotropic structure on [f] :
[S/H] — [X/g] is Lagrangian if and only if the Lie algebroid L of H, viewed as a subalgebroid
of T*X = Lie(G), is equal to 0~ 1(T'S) N T'S°, where ¢ : T*X — TX is the Poisson structure.

Recall that the tangent complex of the quotient stack of a groupoid is the two-term complex
given by the anchor map in degrees —1 and 0 (see e.g. [Cal20, §1.2.3]). It follows that the map
of complexes Ty — (g3 is given by

L — TX| 0TS 25 TX|,

| P |
0 —m— T*S —=— L*
where the maps are defined as follows:

— « is the sum of the inclusion L — T X|g and the anchor map oy : L — T'S;

— [ is the sum of o and the inclusion T'S — T'X|g;

— #y is the sum of the restriction map 7% X|g — T*S and the map T'S — T™*S given by the
isotropic structure (which is zero in this case);

¢ is the restriction map;

¢ is the dual of the anchor map oy, of L.

As H is isotropic in G, we have L C T'S° and this diagram commutes.
Passing to the map on cohomologies, we obtain

0 o YTS)/L TX| /(TS +o(T*X|))
| I J
0 Annp-g(o(L)) L* /o7 (T*S)

The trivial isotropic structure is Lagrangian if and only if ¢ and 1 are isomorphisms. Note that
kerp = (¢~ 1(T'S)NTS°)/L. (6.1)

Hence, if the isotropic structure is Lagrangian, then L = oc~1(T.S) NT'S. Conversely, suppose
that L = o~ 1(T'S) N T'S°. We then have ker ¢ = 0 by (6.1). By identifying Annp~g(o(L)) with
o(L)°/TS°, the image of ¢ is 0~ 1(T'S)/T'S°. However,

o(L)° = (TSNo(TS°))° =TS +o (TS),
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so o(L)°/TS° = o~ 1(TS)/TS° and, hence, ¢ is surjective. On the other hand, note that
L*/o}(T7S) = TX|s/(o(T*X|) + L°).
It follows that 1 is an isomorphism if and only if
o(T*X|s)+ L° =o(T*X|g) + TS.
The latter equality holds because L° = (o= }(T'S) N TS°)° = o(T'S°) + TS. O
By combining Proposition 6.1 and [PTVV13, Theorem 2.9], we obtain the following result.
THEOREM 6.2 (Theorem G(ii)). Let ((M,w),G =% X, u) be an algebraic Hamiltonian system,
S C X a pre-Poisson subvariety, and H == S a stabilizer subgroupoid of S in G. Then the derived
fiber product
(M s 6] = [M/G] Xl [S/H]
has a canonical 0-shifted symplectic structure.

Ezample 6.3. If G = X in Theorem 6.2 is a cotangent groupoid T*G = g* and S = {0}, we
recover the derived version of Marsden—Weinstein-Meyer reduction at level zero [Cal20, §2.1.2].

Notation

Ox Structure sheaf of X.

o% Subsheaf of all f € Ox satisfying df (E) = 0.

Fz Stalk of a sheaf F at a point x.

Iz Class of f € F in the stalk F,.

M Complex analytic space associated to a complex algebraic variety M.

M~ Manifold M endowed with the negated symplectic form.

E, Fiber of a vector bundle E over a point x.

E|s Pullback of a vector bundle £ — X to a submanifold S C X.

Ve Annihilator of a vector space V in W*, where W is some ambient vector space
containing V' as a subspace.

E° Annihilator of a vector bundle E — S in F*|g, where F' — X is some ambient
vector bundle, S C X is a submanifold, and FE is a subbundle of F|g.

Ev Annihilator of a subbundle E — N of T'M |y with respect to w, where (M, w)

is some ambient symplectic manifold and N C M is a submanifold.
G = X Lie groupoid.

s Sources: G — X.

t Target t: G — X.

Gls Restriction s71(9) Nt=1(S) of G to a submanifold S C X.
G Fiber t~1(x) over z € X.

G-p Orbit of a point p in a space equipped with an action of a Lie groupoid G = X.
Lie(G) Lie algebroid of a Lie groupoid G = X.
[X/G]  Quotient stack of a Lie groupoid G = X.
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Tangent complex of a quotient stack [X/G].

Cotangent complex of a quotient stack [X/G].

Relative tangent complex of a morphism of stacks f.

Derived fiber product.

Poisson manifold X with Poisson bivector field o : T*X — T X.
Hamiltonian vector field of a function f.

The subset 0~ (T'S) N T'S° C T*X for (X, ) a Poisson manifold and S C X
a submanifold.

Unique source-connected, ssc stabilizer subgroupoid of a pre-Poisson sub-
manifold S C X in a symplectic groupoid G =% X.
Marsden—Weinstein—-Meyer reduction of M by G at level &.

Symplectic reduction of M by G along S with respect to H.

Symplectic reduction of M by G along S with respect to any source-
connected H.

Symplectic reduction of M by T*G along S with respect to H.

symplectic reduction of M by T*G along S with respect to any source-
connected H

Reduction datum of a pre-Poisson submanifold S and a stabilizer sub-
groupoid H =2 S.

Symplectic reduction of M by G along S with respect to H and .

Adjoint representation of a Lie group.

Coadjoint representation of a Lie group.

Adjoint representation of a Lie algebra.

Coadjoint representation of a Lie algebra.

Stabilizer of a point x in a space equipped with an action of a Lie group G.
Centralizer of a point x« € g, where g is a Lie algebra.

Centralizer of a point £ € g*, where g is a Lie algebra.

Set of regular elements in a complex semisimple Lie algebra g.
Complement of g,eg in g.

Set of semisimple elements in g.

Set of subregular elements in g.

The intersection gs N gsubreg-

The affine space Spec(C[g]“), where G is a connected complex semisimple
linear algebraic group with Lie algebra g.

Adjoint quotient of a complex semisimple Lie algebra g.

Nahm pole G xS, where G is a connected complex semisimple linear
algebraic group with Lie algebra g and & C g is a principal Slodowy slice.
n-fold fibered product N xg --- xg N.

Universal centralizer 7 — S, where S is a principal Slodowy slice.

Kernel of multiplication J Xgs -+ Xs J — J in the n-fold fibered product
of J.

Geometric quotient of N,, of by 7.

Affinization Spec(C[N,]7") of Z¢.
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