ON LOCAL TORUS ACTIONS MODELED ON THE STANDARD
REPRESENTATION

TAKAHIKO YOSHIDA

1. INTRODUCTION

Let S! be the unit circle and 7" := (S')" the n-dimensional compact torus.
T™ acts on the n-dimensional complex vector space C" by coordinate-wise complex
multiplication. This action is called the standard representation of T™. T™ acts on a
complex n-dimensional toric variety X as a subgroup of (C™)*. If X is nonsingular,
then for each point z € X, there exists a coordinate neighborhood (U, p, ¢) of z,
where where U is a T™-invariant open set of X, p is an automorphism of 7", and
@ is a p-equivariant diffeomorphism from U to some T"-invariant open subset in
C™. In general, a T™-action on a 2n-dimensional manifold which is covered by
such coordinate neighborhoods is said to be locally standard. See [4, 2] for more
details. This property is one of the starting point of their pioneer work [4] of
Davis-Januszkiewicz and now, it plays a central role in toric topology.

A similar structure can be seen in Lagrangian fibrations. Let (X,w) be a 2n-
dimensional smooth symplectic manifold and B an n-dimensional smooth manifold
with corners. We call a map p: (X,w) — B a locally toric Lagrangian fibration
if p is locally identified with the moment map of the standard representation of
T™. It is known that there exists an atlas {(Uy, ¢a)} of X and there also exists an
automorphism p of 7" on each nonempty overlap U, NUg such that each ¢, sends
U, diffeomorphically to some T™-invariant open subset of C™ and the overlap map
@ o (p5)~" is p-equivariant (see also Example 2.9).

In [13], as a generalization of a locally standard torus action and also as an un-
derlying structure of a locally toric Lagrangian fibration, we introduced the notion
of a local T"-action modeled on the standard representation, and defined two topo-
logical invariants called the characteristic pair and the Euler class of the orbit map
for a local T™-action, then proved that local T"-actions are topologically classified
by these two invariants. We also investigate the symplectic case. The content of
[13] is a refinement of the work [12].

This is an announcement of [13]. In the next section, we recall the definition and
basic facts of a local T™-action. In Section 3, we explain that a local T"-action is
accompanied by the principal Aut(7™)-bundle and the characteristic bundle. After
that, we recall the construction of the canonical model of a local T™-action. In
Section 4, we define the Euler class of the orbit map. Section 5 is devoted to the
topological classification of local T™-actions. Theorem 5.1 is the main theorem
of the first part of this paper. We also describe the idea of the proof, where the
canonical model plays an important role. As a corollary, we can obtain that locally
standard T"-actions are classified by the characteristic bundle and the Euler class
of the orbit map up to equivariant homeomorphisms (Corollary 5.2). One of the
important examples of manifolds equipped with local T"-actions is a locally toric
Lagrangian fibration with n-dimensional fibers. Finally, in Section 6, we give the
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necessary and sufficient condition that a manifold with a local T"-action becomes a
locally toric Lagrangian fibration and also describe the classification of locally toric
Lagrangian fibrations.

Throughout this paper we employ the vector notation in order to represent ele-
ments of C", namely, z = (21,...,2,) € C". The similar notation is also used for
T = (SH)", R", etc.

2. DEFINITIONS AND BASIC FACTS
Let X be a paracompact, Hausdorff space.

Definition 2.1. A weakly standard C™ (0 < r < o0) atlas of X is an atlas
{(UX, pX)} ae 4 which satisfies the following properties

(0%
(1) for each a, =X is a homeomorphism from UZX to an open set of C" invariant
under the standard representation of 7" and
(2) for each nonempty overlap U, 0}53 =UXN Ué( , there exists an automorphism
Pas of T”.as a Lie group such tha.t th'e overlap map 90§,8 = (p()f o (cpg)*l
is pap-equivariant C" diffeomorphic with respect to the restrictions of the
standard representation of T to o (U2;) and ¢ (UZ;). (The latter means
that @fﬁ(u - 2) = pap(u) -gofﬁ(z) forueT™ and z € @?(U;fﬁ))
Two weakly standard C" atlases {(UX,¢0X)}aea and {(Vﬁx,zbg)}geg of X?" are
equivalent if on each nonempty overlap UZX ﬂVBX , there exists an automorphism p of
T™ such that @7 o(¢) " is p-equivariant C" diffeomorphic. We call an equivalence

class of weakly standard C” atlases a C" local T™-action on X2 modeled on the
standard representation and denote it by 7.

In the rest of this paper, a C" local T"-action on X?" modeled on the standard
representation is often called a C™ local T™-action on X 2", or more simply, a local
T™-action on X if there are no confusions.

Let (X, T) be a 2n-dimensional manifold X equipped with a C" local T™-action 7
and {(UX, ¢X)}neca a maximal weakly standard atlas of X which belongs to 7. For
(X, T) we can generalize the orbit space and the orbit map in the following way. We
endow each quotient space X (UX)/T™ with the quotient topology induced from
the topology of X (UX) by the natural projection 7: X (UX) — oX(UX)/T™.
By the property (2) for each overlap Uo)fﬁ, npffﬁ induces a homeomorphism from

cpg(UéfB)/T" to Lpf(Ué%)/T". We define two elements b, € ¢X(UX)/T™ and
bs € @i (U5)/T™ are equivalent if b, € @f(Ufﬁ)/T", bs € @?(U%)/T" and the
map induced by gogfﬁ sends bg to b,. It is an equivalence relation on the disjoint
union [], (X (UZX)/T™). We call the quotient space of [[,, (¢ (UZ)/T™) by the
equivalence relation together with a quotient topology the orbit space of the local
T™-action 7 on X and denote it by Bx. It is easy to see that By is a Hausdorff
space and {pX (UX)/T"}aeca is an open covering of Bx. By the construction of
By, the map [[, mo S I, US — [, (¢X(UX)/T™) induces the map from X
to Bx. We call it the orbit map of the local T™-action 7 on X and denote it by
ux: X — Bx. Notice that by the construction, it is a continuous open map.
Let R?} be the standard n-dimensional positive cone

RY :={{=(&,...,6) €R": §>0i=1,...,n}.
It has the natural stratification with respect to the number of coordinates & which

are equal to zero.

Definition 2.2. Let B be a Hausdorff space. A structure of an n-dimensional
topological manifold with corners on B is a system of coordinate neighborhoods
2



onto open subsets of R’ so that overlap maps are homeomorphisms which preserve
the natural stratifications induced from the one of R’}. See [3, Section 6] for a
topological manifold with corners.

Proposition 2.3. By is endowed with a structure of an n-dimensional topological
manifold with corners.

Proof. We define the map pcn: C* — R" by

(2.1) pen(2) = (laal?, - zal)

for z = (21,...,2,) € C". Notice that the image of pc» is the n-dimensional
standard positive cone R’}. It is invariant under the standard representation of 7™
and induces the homeomorphism from C"/T™ to R’;. The orbit space C"/T" is
endowed with the natural stratification whose k-dimensional stratum consists of k-
dimensional orbits and the homeomorphism induced by pc» preserves stratifications
of C"/T™ and R"}. We put UZ := ¢ (UX)/T™. The restriction of pc» to ¢X (U)
induces the homeomorphism from UZ to the open subset pc» (X (UX)) of R%,
which is denoted by ¢Z. By the construction, on each overlap U, fﬂ =Ub ﬂUéB , the
overlap map @2, i= 9B o (6B) 1+ e (pX (UX)) — pien (X (UX,)) preserves the
natural stratifications of ucn (X (UZ3)) and pen (0F (UZ;)). Thus, {(UZ,05)}aca

(03

is the desired atlas. O

Remark 2.4. The atlas {(UZ, ¢B)},e4 of Bx constructed in the proof of Proposi-

«
tion 2.3 has following properties

(1) for each a, UX = u"(UL), pX(UX) = uct(¢Z(UF)) and the following
diagram commutes

X
— wa —
X 0y (UD) = pea (e (U) e Cn

lﬂx J{ltx iltc" lﬂc"
B

Bx > UP—"">pBUB) < R

(2) the restriction of {(UZ, ¢B)} e to the interior Bx \ dBx of Bx is a C"
atlas of Bx \ 0Bx.

Let (X7,7;) and (X3, 72) be 2n-dimensional manifolds X; and X5 equipped with
C" local T"-actions 7; and T3. Let {(UX1, 0X1)}oea and {(Ué("', @2(2)}565 be the
maximal weakly standard atlases of X; and X5 which belong to 7; and 75.

Definition 2.5. (X;,77) and (X2,73) are C" isomorphic if there exists a C” dif-
feomorphism fx: X; — X, from X; to X3 and on each nonempty overlap UX! N
(fx) ! (UéQ) # () there exists an automorphism p of 7™ such that gpéﬁ ofxo(pX)~!
is p-equivariant. We also call such a C" diffeomorphism fx a C” isomorphism and
denote it by fx: (X1,71) — (X2, 72).

Notice that a C" isomorphism fx: (X1,71) — (X2, 73) induces the stratification
preserving homeomorphism fp: Bx, — Bx, between their orbit spaces such that

Ix and fp satisty ux, o fx = fpopx,.
We give examples of local torus actions.

Example 2.6 (Locally standard torus actions). Let 7™ act smoothly on a 2n-

dimensional smooth manifold X. A standard coordinate neighborhood of X consists

of a triple (U, p, ¢), where U is a T™-invariant open set of X, p is an automorphism

of T™ and ¢ is a p-equivariant diffeomorphism from U to some T"™-invariant open

subset in C™. The action of T™ on X is said to be locally standard if every point

in X lies in some standard coordinate neighborhood. See [4, 2] for more details.
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(A typical example of locally standard torus actions is a nonsingular toric variety.)
The atlas which consists of standard coordinate neighborhoods is weakly standard.
Therefore, a locally standard T™-action induces the local T"-action on X.

Notice that not all local torus actions are induced by locally standard torus
actions. For any C" local T™-action 7 on a 2n-dimensional manifold X, we take
a weakly standard atlas {(UZX, pX)}aea belonging to 7. It is easy to see that the
automorphisms p,s of T™ in the property (2) of Definition 2.1 form a Cech one-
cocycle {pag} on {UB},ca with values in Aut(7T™). Then, the cohomology class
of {pga} in the first Cech cohomology set H'(Bx; Aut(T™)) is the obstruction for
the local T™-action to be induced by a locally standard T™-action.

Proposition 2.7. A C" local T™-action on X is induced by some C" locally stan-
dard T™-action if and only if {pap} and the trivial Cech one-cocycle are of the same
equivalence class in H'(Bx; Aut(T™)), where the trivial Cech one-cocycle is the one
whose values on all open set are equal to the identity map of T".

For the proof, see [13].

Example 2.8. We can construct an example of local torus actions which does not
come from any locally standard torus fibrations in the following way. For a small
positive number 0 < € < 1, let X be the quotient space of the space

{(z,w) €C?* x C: 0 < |z1]? < 1+¢, |w]* +|2* =1}
by the S'-action defined by
u- (z,w) = ((z1,u " 22), 0" w) .

T? acts on X by
u-[z,w] = [u-z,w).
The map ps: X — R? defined by p([z, w]) := (|21[%, |22|?) is invariant under the
T?-action and induces the identification of the orbit space of the T?-action with
(0,14¢) x [0,1].
We define that two elements T; and To in X are equivalent, or T ~x T if for

a representative (z,w) of Ty, ((71/|21\\/ |z1]2 + 1,5%@) is a representative of T.
It does not depend on the choice of representatives of 71 and it is well-defined.
We denote the quotient space X/ ~x of the equivalence relation by X. By the
construction, we can show that X is endowed with a local T™-action. The orbit
space By is the cylinder defined by

Bx == (0,1+¢) x [0,1]/ ~p,

where { ~p 7 if and only if n; = & +1 and 12 = &, and px induces the orbit map
pwx: X — Bx.

Example 2.9 (Locally toric Lagrangian fibrations [7]). Let wen = ﬁ Sory
dzi NdZy, be the standard symplectic structure on C". The standard representation
of T™ preserves wen and the map ucn: C* — R™ defined by (2.1) is a moment
map of the standard representation of 7. Notice that the image of pcr is the n-
dimensional standard positive cone R’} Let (X,w) be a 2n-dimensional symplectic
manifold and B an n-dimensional manifold with corners. A map p: (X,w) — B
is called a locally toric Lagrangian fibration if there exists a system {(U,,¢2)} of
coordinate neighborhoods of B into R}, and for each « there exists a symplecto-
morphism X : (171 (Uy),w) — (ugn (9B (Ua)),wen) such that pcn o X = B o pu.
We show in [13] that for a locally toric Lagrangian fibration p: (X,w) — B on an n-
dimensional base B and an above atlas {(Uy, 2, »X)}, on each nonempty overlap
Ua NUg there exists an automorphism p,3 € Aut(T™) such that the overlap map
4



eX o ((pff)_l is p-equivariant. (Precisely, pos is a map from U, N Uz — Aut(T™).
Since Aut(7T™) is discrete, pog is locally constant.) In particular, X is endowed
with a smooth local T™-action. In Section 6, we will describe the necessary and
sufficient condition that a manifold with a local torus action becomes a locally toric

Lagrangian fibration.

3. CHARACTERISTIC PAIRS AND CANONICAL MODELS

In this section, we introduce the characteristic pair for a local torus action,
and construct the canonical model from the characteristic pair. Both of them
play important roles of the topological classification of local torus actions. In this
section, all manifolds, maps, and local T"-actions are assumed to be of class C°
unless otherwise stated.

3.1. Characteristic pairs. Let B be an n-dimensional topological manifold with
corners. We assume that OB # (). By the definition of a manifold with corners, B
is equipped with a natural stratification. We denote by S*)B the k-dimensional
stratum of B, namely, S*) B consists of those points which have exactly k& nonzero
components in a local coordinate. In particular, the top-dimensional stratum S B
is equal to the interior B\ 9B of B.

Let A := {t € t: expt = 1} be the lattice of integral elements in the Lie algebra
t of T™. Since the differential of any automorphism of 7™ at the unit element pre-
serves A, by associating any automorphism of 7™ with its differential at the unit
element, there is the natural homomorphism from Aut(7™) to GL(A). It is an iso-
morphism. In fact, it follows from the surjectivity of the exponential map of 7™ and
the equation ¢ o exp = exp ody for any automorphism ¢ € Aut(7™). In the rest of
this paper, we identify Aut(7") with GL(A) by this isomorphism. Let 7p: P — B
be a principal Aut(7")-bundle on B and 7a: Ap — B the associated A-bundle of
P by the above isomorphism Aut(7™) = GL(A). Suppose that 7z: £ — S~ B
is a rank one sub-bundle of the restriction ma|gm-15: Aplsm-1npg — S=1D B of
7a: Ap — B to S~V B. For each k and any point b € S*)B, let U be an open
neighborhood of b in B on which there exists a local trivialization p*: 7' (U) —
U x A of Ap. By shrinking U if necessary, we can assume that the intersection
UNS™ B of U with S~V B has exactly n — k connected components, say,
(UNS™=UB),, ..., (UNSM™YB), . Since A is discrete, for each (UNS™~YB),
there exists a rank one sub-lattice L, C A such that ¢ sends the preimage
' (UNS"=YB),) of (UNS"=VB), by m. fiber-wisely to (UNS"~YB), x L.

Definition 3.1. 7.: £ — S Y B is said to be unimodular if for each k and any
point b € S(’“)B, the sub-lattice L1+ - -+ L,,_j generated by L, ..., L,_j is a rank
n—k direct summand of A. (In [4] such a sub-lattice is called an (n—k)-dimensional
unimodular subspace of A.)

Notice that rank one sub-lattices L1, ..., L,_; depend on the choice of a neigh-
borhood U and a local trivialization ¢¥. But Definition 3.1 does not depend on the
choice of them because the condition for a sub-lattice to be unimodular is invariant
by an automorphism of A.

Definition 3.2. Let n.: £ — S™ Y B be a unimodular rank one sub-bundle of
TAlsmn-npg: Aplgm-npg — S~ B. Then the pair (P, L) of the principal Aut(T™)-
bundle 7p: P — B and 7p: L — S™ VB is called a characteristic pair and
7e: L — SV B is called a characteristic bundle.

Let (X,7) be a 2n-dimensional manifold equipped with a local T™-action. We
show that there is a characteristic pair associated with (X, 7). Let {(UX, pX)}aca €
T be the maximal weakly standard atlas. It induces the atlas {(UZ, p2)},ca of
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Bx which satisfies the properties in Remark 2.4 and also determines a Cech one-
cocycle {pag} on {UB},ca with coefficients in Aut(7T™). It defines the principal
Aut(T")-bundle 7p, : Px — Bx on Bx by setting

(3.1) Px = (H UB x Aut(T")) / ~p,

where (Do, ha) € UP x Aut(T™) ~py (bg,hg) € UF x Aut(T") if and only if
bo = bg € UY; and ha = pap o hg. The bundle projection mp, is defined by
the obvious way. For each «, every point in W;i (UB) has a unique representative
which lies in UZ x Aut(7™). By associating a point in 71'1_3; (UB) with the unique
representative, we define the local trivialization of Px on U2 which is denoted
by of : 71'};; (UB) — UB x Aut(T™). Let mp, : Ax — Bx be the A-bundle as-
sociated with Px by the natural identification Aut(7™) = GL(A). The property
(2) in Definition 2.1 determines a unique unimodular sub-bundle of the restriction
Tax|s-1By : Ax|sn-np, — SV Bx of mp, : Ax — Bx to the codimension
one stratum S~V By in the following way. For each coordinate neighborhood
(UB, oB) of Bx with UBNS"~Y By # ), the preimage uc. (95 (U NS"~YBy))
is equipped with the T™-action which is the restriction of the standard represen-
tation of T™. For simplicity, we assume that the intersection UZ N SN By
is connected. (Otherwise, we may consider component-wise.) Then, all points of
ME& (gof (UBnS»-Up X)) has the common one-dimensional stabilizer with respect
to the T"-action. We denote it by S and also denote the rank one sub-lattice of A
spanned by the integral element which generates S. by L,. Suppose that (U2, p?)
and (U, Zf ,gog ) are coordinate neighborhoods satisfying the above conditions and
the intersection U fﬁ NS~ By is nonempty. Since the overlap map gpfﬂ is a
Papg-equivariant homeomorphism, we can show that p,g sends Sé isomorphically to
S!. Under the identification of p,s with the automorphism of A induced by pag,
Pag also sends Lg isomorphically to £,. By the construction of 7, : Ax — Bx,
©F induces a local trivialization (A : 7TX}1< (UB) — UB x A of may: Ax — By
on each UZ such that on an overlap U, fﬁ the transition function with respect to
2 and gog is pag. We take a subsystem {(UZ, o5 )}icr of {(UL,08)}aca which
covers S~ By and define the rank one sub-bundle e Lx — SV By of
TAx |S(n—l)BX : Ax|3(n_1)BX — S(nfl)BX by setting

(3.2) Ly = (]_[ UB NSV By x gai) / ~L,

where (bi,l;) € UZ NS YBy x Lo, ~1 (bj,l;) € US NS""HBx x Ly, if
and only if b; = b; and l; = pa,q,(l;). By the construction, it is easy to see
that 7o+ Lx — SV By is unimodular. As a summary, we have the following
proposition.

Proposition 3.3. Associated with a local T™-action T on X, there exists a charac-
teristic pair (Px, Lx), where Px and Lx are defined by (3.1) and (3.2), respectively.

Notice that the characteristic bundle is a generalization of the characteristic
function of a quasi-toric manifold, or a torus manifold.

Example 3.4. For a 2n-dimensional manifold X equipped with a locally stan-

dard T"-action, 7p, : Px — Bx is the trivial principal Aut(7™)-bundle Px =

Bx x Aut(T"). Let (S™YBy), (a = 1,...,k) be the connected component

of S~V By. On the preimage iy ((S""YBx),) of each connected component
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(S(”_l)B x)a by px, T™-action on it has the unique one-dimensional stabilizer
which we denote by Si. Let £, be the rank one sub-lattice in A corresponding to
S!. Then, Lx is the disjoint union [, (S™ Y Bx), x L,.

Example 3.5. In the case of Example 2.8, the characteristic pair is constructed as
follows. We identify A with Z2 and also identify Aut(T?) with GL2(Z). Then Py
can be written by

Px = ((0,1+¢) x[0,1] x GLy(Z)) / ~p,

where (£, A) ~p (1, B) if and ounly if n ~5 £ and B = —A. The bundle projection
is defined by the obvious way. Ax is written by the similar way, namely,

Ax = ((0,14¢) x [0,1] x Z%) / ~y,

where (§,m) ~p (n,n) if and only if n ~p & and n = —m. With this notation, Lx
is written by
Lx = ((0,14) % {0,1) x {0} ©2Z) / ~n .

For ¢ = 1,2, let B; be an n-dimensional topological manifold with corners and
(P;, L;) a pair of a principal Aut(7")-bundle 7p, : P, — B; and a unimodular
rank one sub-bundle mp,: £; — S=1D B, of the restriction of the associated A-
bundle 7y, : Ap, — B; of P; by the natural identification Aut(T™) = GL(A) to the
codimension one stratum S~V B, of B;.

Definition 3.6. An isomorphism fp: (P1,L1) — (P2, L2) from (Py, L) to (Ps, L)
is a bundle isomorphism fp: P, — P, which covers a stratification preserving home-
omorphism fp: B; — By such that the lattice bundle isomorphism fp : Ap, — Ap,
induced by fp sends £, isomorphically to Lo. (Py, £1) and (P, L2) are isomorphic
if there exists an isomorphism between them.

The isomorphism class of the characteristic pair (Px,Lx) is an invariant of a
local T™-action on X.

Lemma 3.7. For i = 1,2, let (X;,7;) be a 2n-dimensional manifold X; with a
local T™-action T;. If there is a C° isomorphism fx: (X1,71) — (Xa,T3), then
fx induces the isomorphism fp, : (Px,,Lx,) — (Px,,Lx,) between characteristic
pairs associated with X1 and X5.

Proof. Let {(Ug(l,gog(l)}@ezg € 71 and {(UX2,0X2)}heca € T2 be maximal weakly
standard atlases of X; and Xy, and {(Ugl,@gl)}ﬂeg and {(UP2 pB2)} ,c 4 atlases
of Bx, and By, induced by {(Ué(l,gog(l)}@eg and {(UX2,¢0X2)} 4, respectively.
Suppose that fx: (X1,71) — (X2,73) is a C° isomorphism and fp is the home-
omorphism from Bx, to Bx, which is induced by fx. By definition, on each
nonempty overlap U 5” 'Nfg L(UB2), there exists an automorphism pi 5 of T" such
that X2 o fx o (gof,(l)_l is piﬁ—equivariant. It is easy to see that the following
equality holds

f X1 _ X f
(3'3) Pag,Bo © pﬁolﬂl - paogal © Pay s,

on a nonempty intersection U;fg 5, N /5 1(Uf(fal), where pf;olﬁl and pffozal are au-
tomorphisms of T™ in (2) of Definition 2.1 with respect to X; and Xy, respec-
tively. We define the bundle isomorphism (fp)as: Ufl N ft(UB2) x Aut(T™) —
fB(UF) NUB2 x Aut(T™) by

(fP)aﬁ(b’ h) = (fB(b)?piﬁ ° h)

By (3.3), we can patch them together to obtain the bundle isomorphism fp: Px, —
Py, which covers fp. O



3.2. Canonical models. In [4, Section 1.5], Davis-Januszkiewicz constructed the
canonical model of a quasi-toric manifold from the based polytope and the char-
acteristic function. A similar construction can be done by using the characteristic
pair in the following way. Let B be an n-dimensional C° manifold with corners and
(P, L) a characteristic pair on B. We denote by mp : Tp — B the T"-bundle associ-
ated with P by the natural action of Aut(7™) on T™. First we shall explain that for
any k-dimensional part S®*) B, (P, L) determines a rank n — k sub-torus bundle of
the restriction of 77 : Tp — B to S¥)B. Let {Us} be an open covering of B such
that on each U, there exists a local trivialization ¢ : 751 (Uy) — U, x Aut(T).
On each nonempty overlap U,g we denote by p.s the transition function with
respect to o and <p§ , namely,

e 0 (¢5) (0, f) = (b, pap)
for (b, f) € Ug x Aut(T™). Notice that pag is locally constant since Aut(T™) is
discrete. cpi induces the local trivializations of the associated bundles Tp and Ap
which are denoted by ¢ : 7' (Uy) — Uy x T™ and ¢ @ 71 (Uy) — Uy x A,
respectively. For S®) B we take U, with U, N S®) B # (. By replacing U, by a
sufficiently small one if necessary, we may assume that the intersection U,NS("~Y B
of U, with the codimension one part S~ B of B has exactly n — k connected

components, say (Uy NS™YB)y, -+, (UyNS™YB),_i. For k = n, this means
that U, is contained in S™ B. For k < n, there are n — k rank one sub-lattices
Ly, ..., L,_ of A such that fora =1, ..., n — k @2 sends the restriction of

e L — S VB to (Ua N S(”_l)B)a isomorphically to the trivial rank one sub-
bundle (U, NS YB), x L, of (U, NS VB), x A. Since £ is unimodular, L,

.+, Lp—k generate the (n — k)-dimensional sub-torus of 7™ which is denoted by
Zy, nst g- For k = n, wedefine Z; s g to be the trivial subgroup which consists
of the unit element. Notice that when (P, L), {U,}, and ¢ are the ones induced
by some local T"-action 7 on X, Zypnst gy is the common (n — k)-dimensional
stabilizer of T™-action on e, (U N S® By).

Suppose that another Ug satisfies the above condition and Uag N SHB £ (.
By the definition of (P, L), pas sends ZUésﬁS(k)BX isomorphically to Zysnsm gy -
Hence, in the same way as before, they are patched together to form a rank n — k
sub-torus bundle, which is denoted by 7z_,, : Zswp — S® B, of the restriction
of mp: Tp — B to S® B.

Definition 3.8. For t, t' € Tp, t and t' are equivalent or t ~¢qy, t' if and only if
ar(t) = np(t') and t't7! € wgl(k) (77 (t)) when 77 (t) lies in S®) B. Notice that a
fiber of wp: Tp — B is equipSedBwith the structure of a group since its structure
group is Aut(7T™).

We denote by X(p () the quotient space of Tp by the equivalence relation. The
bundle projection 7r: Tp — B descends to the map ux ., ., : Xpc)y — B. On
any U,, under the identification ¢Z : Wfl(Ua) — U, x T™, the equivalence rela-
tion in Definition 3.8 can be rewritten as follows. For (b,t), (V/,t') € U, x T™,
(b,t) ~can (', t') if and only if b = ' and #t~! € Z;;_~stmp when b lies in S®)B.
Then, ¢l induces the identification of u;{(lp ﬂ)(Ua) with (Uy X T™)/ ~can on U,.

Now we take {U,} to be an atlas {(Us,»2)} of B as a manifold with corners.
Since £ is unimodular and B is a manifold with corners, by the same way as
in Davis-Januszkiewicz [4, Section 1.5], or Masuda-Panov [8, Section 3.2], we can
show that (U, X T™)/ ~can is also homeomorphic to a T™-invariant open sub-
set pgn (9B (Us)) of C™. Hence, by taking the composition of these identifications,

X
there is a homeomorphism ¢, "X X7 : ,u)_(iP . )(Ua) — iga (95 (U,)) which covers
X X
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wg Uy — (pg (Ua). Notice that on U,g the overlap map with these identifications
is induced by idy, ; Xpas: Uag XT" — Uap xT". Hence, X(p, ) is a 2n-dimensional
topological manifold equipped with a C° local T"-action whose orbit space is B
and whose orbit map is pix,, .-

Definition 3.9. We call X(p ) the canonical model of (P, £). In particular, when
(P, L) is the characteristic pair (Px, Lx) of alocal T"-action 7 on a 2n-dimensional
manifold X, we also call X(p, .y the canonical model of (X, T).

The following propositions describe the properties of the canonical model. For
proofs see [13].

Proposition 3.10. For any characteristic pair (P, L), BXpryt X(pc)y — B admits
a continuous section S.

For any characteristic pair (P, £), recall that a fiber of Tp admits a structure of
a group. By the construction, a fiber of px . ., X(p ) — B also admits a group
structure.

Proposition 3.11 ([13]). For a 2n-dimensional manifold (X,T) equipped with a
local T™-action, we denote the associated T"-bundle Tp, of Px by mr,: Tx — Bx
for simplicity. Then Tx acts fiber-wise on X. Similarly X py .y also acts fiber-
wise on X. For any b € Bx the action of /‘)_(ip,g) (b) on M)_(l (b) is simply transitive.

The following lemma follow directly from the construction of a canonical model.

Lemma 3.12. For i = 1, 2, let B; be an n-dimensional topological manifold
with corners and (P;, L;) a characteristic pair on B;. Then, any isomorphism
fp: (P1,L1) — (P, L2) induces the C° isomorphism Ixooy Xpioy) = X(Pa,2o)
between canonical models of (P1,L1) and (Pa, L2).

Remark 3.13. If there is an isomorphism fp: (Py, L) — (Ps, L2) between char-
acteristic pairs, then the induced C° isomorphism Ixpoyt Xproy) = X(Poco)
between canonical models is fiber-wise group isomorphism.

4. THE EULER CLASSES OF ORBIT MAPS

In this section, for a local torus action we define the Euler class of the orbit
map as an obstruction class for the orbit map to have a continuous section. In
this section we assume that manifolds, maps, and local T™-actions are of class C°
unless otherwise stated. Let (X,7) be a 2n-dimensional manifold equipped with a
local T™-action. We investigate when px : X — Bx has a section. We assume that
the index set A of the weakly standard atlas {(UZX, pX)} e is countable ordered.
By the construction of X(py £y), there exists a C* isomorphism hq: py (UF) —
u;(sz)ax) (UB) covering the identity on each UZ such that h, is equivariant with
respect to the fiber-wise action of T'x or X(p, ). (For example we can take
(<p§(PX’LX))_1 0 X as hy.) On each nonempty overlap Ufﬁ the equation
(4.1) ha o hg'(z) = 025(b)x

forb e Ulfﬁ andz € ,u;(ipxﬁﬁx) (b) determines a unique local section 9()5[3 Of WX (py )
on Ufﬁ. Let #(py £ ) denote the sheaf of germs of continuous sections of px, -

Then local sections 62 form a Cech one-chain {6X;} on {UF} with values in
S (Px,cx)- Moreover, by definition, we can show the following lemma.

Lemma 4.1. {05} is a cocycle.



Let H'(Bx; S (Px,cx)) denote the first Cech cohomology group of Bx with val-
ues in S(py cy)- By the above lemma, {92([3} defines the cohomology class in
H'(Bx; S Px.cx)) We denote it by eorpie(X). It is easy to see that e,pi(X) does
not depend on the choice of h,s and depends only on the local T"-action on X.

Definition 4.2. We call e, (X) the Euler class of px.

Notice that if the local T™-action is induced by a locally standard T™-action and
OBx =0, then pux: X — Bx is a principal T"-bundle. In this case, eyppit(X) is
nothing but the Euler class of the principal T"-bundle.

Theorem 4.3. ux: X — Bx has a section if and only if eqrpit(X) vanishes.

Example 4.4. For the T"-action on a complex n-dimensional, nonsingular toric
variety X, eoppit(X) vanishes.

Example 4.5. For Example 2.8, e,.4;:(X) vanishes. In fact, we can defined the
section s of ux: X — Bx by

s([61, &) = [(VE1, V&), V1 — &)
for [51,52] S BX

For ¢« = 1,2, let B; be an n-dimensional topological manifold with corners
and (P;, L;) a characteristic pair on B;. Suppose that there exists an isomor-
phism fp: (P1,£1) — (P2,L2). By Lemma 3.12, it induces the isomorphism
[ HY(Ba; S(py 2,)) — H'(B1;(p, £,)) between cohomology groups. In partic-
ular, by Lemma 3.7 and Lemma 3.12, a C° isomorphism fx: (X1,7;) — (X2, 72)
induces the isomorphism f5 : H'(Bx,; Py, £x,)) — H' (Bx,; Py, .£x,))-

Lemma 4.6. Fori=1,2, let (X;,7;) be a 2n-dimensional manifold equipped with a
local T™-action. If there is a C° isomorphism fx: X1 — Xo, then IBy Corvit(X2) =
€orbit (Xl)

5. THE TOPOLOGICAL CLASSIFICATION

The following is the main theorem of [13].

Theorem 5.1 ([13]). Fori = 1,2, let (X;,7;) be a 2n-dimensional manifold X;
with a local T"-action T;. X, and Xo are C° isomorphic if and only if there
exists an isomorphism fp: (Px,,Lx,) — (Px,,Lx,) between characteristic pairs
associated with X1 and Xo such that fheorvit(X2) = eorpit(X1). Moreover, for any
characteristic pair (P, L) on an n-dimensional topological manifold B with corners
and for any element e € H*(B; S (p.c)), there exists a 2n-dimensional C° manifold
(X,7T) equipped with a C° local T™-action whose characteristic pair and the Euler
class of the orbit map are equal to (P, L) and e, respectively.

The idea of the proof. The only if part follows from Lemma 3.7 and Lemma 4.6.
The proof of the if part is similar to the proof of the classification of principal
bundles and the idea is as follows. Recall that by definition, e,.;;:(X) measures the
difference between X and X(p, ). If there is an isomorphism fp: (Px,,Lx,) —
(Px,,Lx,) , then, by Lemma 3.12, fp induces the C° isomorphism from X(Px, .Lx,)
to X(py, cx,)- Moreover, suppose that fheorbit(X2) = €orpit(X1). This means that
the difference between X; and X Px,.Cx,) 18 same as the difference between X,

and X (P, Lx,) under the identification X(px,.cx,) = X Lx,)- Hence, X is o

Px,,
isomorphic to Xs. For more details, see [13]. O
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We focus on the case of locally standard torus actions. We remark that if a
manifold X is equipped with a locally standard torus action, then, Py is the trivial
bundle Px = Bx x Aut(T™). In this case, we can obtain the following corollary. It
is a generalization of the topological classification theorem for effective T2-actions
on four-dimensional manifolds without finite stabilizers by Orlik-Raymond [10] and
for quasi-toric manifolds by Davis-Januszkiewicz [4].

Corollary 5.2 ([13]). Locally standard torus actions are classified by the character-
istic bundle and the Fuler class of the orbit map up to equivariant homeomorphisms.

6. LOCALLY TORIC LAGRANGIAN FIBRATIONS

Let (X,7) be a 2n-dimensional smooth manifold equipped with a smooth local
T™-action 7. In this section, we investigate the condition in order that ux: X —
Bx becomes a locally toric Lagrangian fibration.

Lemma 6.1. Suppose that there exists a symplectz’c structure w on X and there
also exists a weakly standard atlas {(UX, pX)}aca 6 T of X such that on each
UX, oX preserves symplectic forms, namely, w = QX “wen. For each nonempty
overlap UX ap 7 0, let pag € Aut(T™) be the automorphism in (2) of Definition 2.1
with respect to {(UX,0X)}aca. We identify pap with an element of GL,(Z) by
the natural identification Aut(T™) = GL,,(Z). Let {(UZ,¢oB)} e be the atlas of
Bx induced by {(UX, 0X)}aca. Then, on each nonempty overlap Ufg £ 0, the
overlap map @fﬁz cpg(UaB ) — B (UB 5) is of the form

(61) 90(16(5) = p;ﬁT(g) + Caf,

for some constant cnp, where p;g is the transpose inverse of pag. In particular,
Bx becomes a smooth manifold with corners.

Proof. Let wgnx7n be the symplectic form on R™ x T™ which is defined by

winxrn = ) dii A,
k=1

where (£1,...,&,) is the standard coordinates of R™ and (6y,...,60,) is the angle
coordinates of T™ with period 1, which means (e2™ ... e27%) € T™. First we
focus on the interior of Bx. We can show that for each «, there exists a sym-
plectomorphism ¢, : (uy' (UF \ 0Bx),w) — (gaa (UB\ 0Bx) x T™, wgn =) such
that pry o¢ = @2 o ux and on an overlap UB g the overlap map ¢ag 1= ¢q © qbﬁ
is of the form ¢ap(b,u) = (55(b), pas(u)uas (b)) for some map uag: USy — T™,
where pry: 02 (UB\ 0Bx) x T — ¢B(UP \ 0Bx) is the natural projection to the
first factor. For more details, see [13]. Then, by [11, Lemma 2.5], on each overlap

55\83;( the overlap map goaBﬂ is of the form (6.1). Since U, ﬁ\ﬁBX is open dense
inUB B 90@/3 should be of the form (6.1) on the whole Ua O

Definition 6.2. We call the atlas {( o ,gpa B)}aea of Bx in Lemma 6.1 an integral
affine structure compatible with {(UX, 0X)}aca.

Let {(UX, X )}aEA € 7 be a weakly standard atlas of X. Suppose that the
induced atlas {(UB, B} 4ea of By is an integral affine structure compatible with

{(U&Xa(pa )}aGA S

Lemma 6.3. The characteristic bundle nizy : Lx — S~V By admits a smooth
section which generates Lx fiber-wisely. In particular, 7o, : Lx — S™ YD Bx is
determined by the integral affine structure.
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Proof. Let (UZ,p?) be a coordinate neighborhood of Bx with UZNS™=Y By #£ (.
We may assume that the intersection UZ NS~V By is connected. (Otherwise,
we may consider component-wise.) As described in the construction of Ly, the
local trivialization p? of Ax sends 71'2)1( (UB NSV By) isomorphically to UZ N
SV By x L, where L, is a rank one sublattice of A. Then there exists a unique
generator u, of L, such that 2 (UF) and B (U NS By) lie in the upper half
space {£ € R": (£, uq) > 0} and the hyperplane {{ € R™: (£, u,) = 0} determined
by wue, respectively. Suppose that (U ﬂB, gog ) is another coordinate neighborhoods
satisfying the above conditions and the intersection U fﬁ NS By is nonempty.
Let ug be the corresponding generator of L£z. Since the overlap map gofﬁ is of
the form (6.1), ©Z; sends {¢ € R™: (§,ug) > 0} and {£& € R™: (£, ug) = 0}
diffeomorphically to {£ € R™: (£, us) > 0} and {£ € R™: (£, u,) = 0}, respectively.
In particular, this implies that u, = pag(ug). Thus u,’s form the required section
of EX- O

By (6.1) the structure group of the cotangent bundle T* By is GL,(Z) and the
principal Aut(7T")-bundle Py is nothing but the frame bundle of T*Bx. Now we
have the following exact sequence of associated fiber bundles of Px

As is well-known, T* By is equipped with the standard symplectic structure, and
it is easy to see that the standard symplectic structure on T*Bx descends to the
symplectic structure on Ty, which is denoted by wr,, so that mr, : (Tx,wry) —
Bx is a nonsingular Lagrangian fibration. Moreover, we can show that following
lemma.

Lemma 6.4. The canonical model X py ) becomes a smooth locally toric La-
grangian fibration on Bx.

Roughly speaking, the proof is as follows. For each UZ, the section of Lx
defines a Hamiltonian action of some sub-torus of 7" on w;; (UB). X(py.cy) can
be obtained by symplectic cutting technique with respect to these Hamiltonian
torus actions. For more details, see [13].

From Lemma 6.4, in particular, hy: py' (UB

-1 B\ .
) — 'uXu:X,LX)(Ua) in Section 4
can be taken to be a C°° isomorphism which covers the identity on each UZ and
Ggfﬁ defined by (4.1) can be also taken to be a C'*° local section of Tx on Ufﬁ.
Then the necessary and sufficient condition in order that px: X — Bx becomes a

locally toric Lagrangian fibration is given as follows.

Lemma 6.5. Let (X,7) be a 2n-dimensional smooth manifold equipped with a
smooth local T™-action T . There exists a symplectic structure w on X and there also
exists a weakly standard atlas {(UX, 0X)}aea € T of X such that on each U, w =
©X"wen if and only if the atlas {(UZ, 0B)}aca of Bx induced by {(UX, 0X)}aca is
an integral affine structure compatible with {(UX, 0X)}aeca and on each nonempty
overlap Ufﬁ, 955 is a Lagrangian section, namely, (Hi(ﬁ)*w;px vanishes.

For nonsingular Lagrangian fibrations, this result is obtained by Duistermaat [5].
See also [11], [9]. Recently, in [6] Gay-Symington showed the similar result for near-
symplectic four-manifolds.

Finally we state the classification theorem for locally toric Lagrangian fibrations.
For a locally toric Lagrangian fibration p: (X,w) — B, the local sections 055 define

a Cech cohomology class A(X) € Hl(BX;Yjﬁfg) of Bx with values in the sheaf

Y;;g of germs of Lagrangian sections of mry : (T'x,wr, ) — Bx.
12



Theorem 6.6 ([1], [13]). Locally toric Lagrangian fibrations are classified by inte-
gral affine structures on the bases and A(X) up to fiber-preserving symplectomor-
phisms.
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