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The equivariant cohomology of hypertoric varieties
and their real loci

MEGUMI HARADA AND TARA S. HoLwm!

Let M be a Hamiltonian T space with a proper moment map,
bounded below in some component. In this setting, we give a
combinatorial description of the T-equivariant cohomology of M,
extending results of Goresky, Kottwitz and MacPherson and tech-
niques of Tolman and Weitsman. Moreover, when M is equipped
with an antisymplectic involution ¢ anticommuting with the ac-
tion of T, we also extend to this non-compact setting the “mod 2”
versions of these results to the real locus @@ := M? of M. We give
applications of these results to the theory of hypertoric varieties.

1. Introduction.

We present here two main results and demonstrate their use through several
explicit computations. In the first result, we generalize to the non-compact
setting a theorem of Goresky, Kottwitz, and MacPherson that computes
T = T"-equivariant cohomology rings of compact Hamiltonian T' spaces
satisfying some technical conditions [8]. Suppose, in addition, that M is
equipped with an antisymplectic involution ¢ that anticommutes with the
T action. In the second result, we generalize to the non-compact setting
theorems [4, 5, 7, 18] that compute the equivariant cohomology of the real
locus @) := M? of a Hamiltonian T space M satisfying similar technical con-
ditions. The motivating examples for this paper are the hypertoric varieties
studied in [3, 14, 15, 12, 11] and their real loci. We present these in detail.

We first recall the basic idea of the theorem of Goresky, Kottwitz, and
MacPherson, which we call the GKM theorem. For a compact Hamiltonian
T space M, Kirwan showed [13] that the inclusion M < M induces an
injection H:(M;Q) — HA(M7T;Q) in equivariant cohomology. Since T acts
trivially on M1, when M7 consists of isolated points, the ring Hz(M7T;Q)

IThe second author was supported by a National Science Foundation Postdoc-
toral Research Fellowship.

927



528 M. Harada & T. Holm

is a direct product of polynomial rings

Hy(MT:Q) = [ HipQ = [] Sym(t).

peMT peMT

Hence, in order to compute the equivariant cohomology ring H7.(M;Q), it
suffices to identify its image in Hx(M7T;Q). Suppose, in addition, that the
T-isotropy weights {a,;} are pairwise linearly independent at each fixed
point p. The GKM theorem then asserts that the image of H}.(M;Q) in
H:(M7T;Q) is the same as that of the one-skeleton of M, which in turn
can be described combinatorially in terms of a graph I' and the T-isotropy
data. Thus, the computation of H;(M;Q) is translated into a problem of
combinatorics.

In the setting of compact Hamiltonian 7" manifolds equipped with an
additional antisymplectic involution o, we define the real locus Q) := M? of
M, which is equipped with an action of the discrete subgroup Tr := (Z2)" of
T. The mod 2 GKM theorem [4, 18] gives a similar combinatorial description
of the image of the equivariant cohomology of the real locus @@ := M7 as a
subring of the equivariant cohomology (with Zsy coefficients) of Q7k.

Examples of Hamiltonian T spaces satisfying the GKM hypotheses in-
clude coadjoint orbits of compact Lie groups and toric varieties. In the
case of coadjoint orbits, the combinatorial description given by the GKM
theorem has proved useful in the theory of equivariant Schubert calculus
(for example, see [16]). These examples also have natural antisymplectic
involutions, and the mod 2 results apply to these examples. The combina-
torial description of the equivariant cohomology of real loci of certain toric
varieties has applications to string theory (see [4]).

Thus far, we have required M to be compact. However, there are many
non-compact examples that nonetheless fit into this framework. For exam-
ple, hypertoric varieties [3, 14, 15, 12, 11] equipped with a 7' x S! action
exhibit many of the properties of compact Kéhler toric varieties. For in-
stance, like their Kihler counterparts, the 7' x S'-isotropy weights at each
fixed point are pairwise linearly independent. The hypertoric varieties are
also equipped with a natural antisymplectic involution, and the computa-
tion of the equivariant cohomology of the real loci has applications to the
theory of hyperplane arrangements [11, Section 5]. Moreover, coadjoint or-
bits of affine Kac-Moody algebras equipped with an appropriate T x S*
action satisfy pairwise linear independence properties. Thus, the examples
strongly motivate us to demonstrate GKM and mod 2 GKM theorems in
the non-compact setting.
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The essential observation in this paper is that the Morse theoretic argu-
ments given in [19] work with only slight modifications in the setting when
there is a component of the moment map which is proper and bounded be-
low. These two hypotheses allow us to apply the same local Morse theoretic
arguments: the properness ensures the compactness of critical sets, and the
boundedness allows us to make an inductive argument by providing a base
case. This is the case for some of the examples mentioned above; for smooth
hypertoric varieties, it is indeed true that there exists a component of the
T x S* moment map which is proper and bounded below [11]. For the coad-
joint orbits of affine Kac—Moody algebras, however, the methods presented
in this paper do not suffice. Different arguments must be used to give a
GKM description for these examples [10]. The results in [10] are phrased
in the language of cell complexes, but they also achieve a combinatorial de-
scription of equivariant cohomology. We also note that the results in this
paper are stated over Z instead of Q. This changes the statements of some
of the technical hypotheses on the T-isotropy weights.

We now give a brief outline of the contents of this paper. In Section 2,
we state and prove a GKM theorem in the setting of non-compact spaces in
Theorem 2.11. We use this theory in Section 3 to analyze in detail the ex-
ample of smooth hypertoric varieties equipped with a Hamiltonian 7¢ x S!
action. In particular, we give an isomorphism between the quotient descrip-
tion of the T% x S'-equivariant cohomology of a hypertoric variety given
in [11] with the GKM description in Theorem 3.5, and compute several ex-
amples. Further, although the 7% action on M does not satisfy the GKM
hypotheses, we use a “GKM in stages” argument to give a computation of
the T%equivariant cohomology of M by using our GKM description of its
T? x Sl-equivariant cohomology. In Section 4, we state and prove a mod 2
GKM theorem in the non-compact setting, stated in Theorem 4.8. We use
this to analyze the real locus of hypertoric varieties in Section 5. In particu-
lar, we explicitly identify the isomorphism between the 7% x S'-equivariant
cohomology of a hypertoric variety and the T; ﬂ‘é X Zo-equivariant cohomology
of its real locus in Proposition 5.1. We also mention an application of these
results that is used in [11].

2. GKM theory for non-compact spaces.

The goal of this section is to extend results about the equivariant topology of
compact symplectic Hamiltonian manifolds to situations where the manifold
is not necessarily compact. We replace the compactness hypothesis by a



530 M. Harada & T. Holm

hypothesis on the moment map: we require it to be proper and bounded in
some component. This hypothesis ensures that we can still use components
of the moment map to study the Hamiltonian manifold Morse theoretically.

Our proofs of Theorems 2.6 and 2.7 follow the outline of the arguments
given in [19]. The technical heart of the argument is a lemma due to Atiyah
and Bott. The hypothesis on the moment map ensures that this lemma
still applies to our non-compact setting. We use this lemma, along with the
Morse theory of the moment map, to show that the equivariant cohomology
of M injects into the equivariant cohomology of the fixed point set. We then
show that the image is the same as the image of the equivariant cohomology
of the (equivariant) one-skeleton, N. The main result then follows as a
corollary to this: we give the combinatorial description of H7/(M), given
additional hypotheses on M”T and on N.

We first present the key lemma of Atiyah and Bott. It is stated in [1,
Proposition 13.4], [2, Proposition 5.3.7].

Lemma 2.1 (Atiyah-Bott). Let £ — B be a complex rank ¢ vector bun-
dle over a compact oriented manifold B. Let T be the compact torus
T = (SY)?. Suppose that T acts on £ with fixed point set precisely B.
Suppose further that the cohomology of B has no torsion over Z. Choose a
T-invariant Riemannian metric on &£, and let D and S be the corresponding
disk and sphere bundles, respectively, of £. Then, the long exact sequence
of the pair (D, S) splits into short exact sequences

0——=H}(D,S;Z) — H3(D;Z) — H}(S;Z) —=0 .

Remark 2.2. An alternative statement of this lemma is that the T-
equivariant Euler class of the bundle £ is not a zero divisor.

Remark 2.3. The hypothesis that the cohomology of B has no torsion over
Z can be relaxed to the hypothesis that it has no 2-torsion when we take the
coefficient ring to be Zs, and can be removed entirely if we take coefficient

ring Q.

We now turn our attention to finite-dimensional Hamiltonian T' spaces.
Suppose that a torus T" acts on a symplectic manifold M in a Hamiltonian
fashion. Then, components ué of the moment map p : M — t* are Morse—
Bott functions on M. We call a component generic if the critical set is
precisely the fixed point set. This is true of an open dense set of directions
¢ € . When we assume that a generic component is proper, then the
connected components of the fixed point set are compact. Thus, we may



Hypertoric Varieties 531

use Lemma 2.1 to study the normal bundles to these fixed point sets to
prove the following proposition.

Proposition 2.4. Let a torus T act on a symplectic manifold M with mo-
ment map g : M — t*. Suppose that some generic component f := uf is
proper and bounded below. Let ¢ be a critical value of f. Let 3. be the com-
ponent of ¥ := M7 with pf(3.) = ¢, and assume that the cohomology of ¥,
has no torsion over Z. For small enough € > 0, let MF := f~!(—o0,c+¢).
Then, the long exact sequence of the pair (M, M) splits into short exact
sequences

0 —— Hi(M, M Z) — Hp(M}; 2) > Hy (M Z) —0..

Moreover, the restriction from H(MS;Z) to Hi(X.; Z) induces an isomor-
phism from the kernel of £* to the classes of H}.(X.;Z) that are multiples
of 7. the equivariant Euler class of the negative normal bundle to ..

Remark 2.5. Note that in the proof, we implicitly assume that the com-
ponent . of ¥ that maps to the critical value c is connected. If this is not
the case, an analogous statement holds, using a virtual equivariant Euler
class. The reason that care is needed in that case is that the negative nor-
mal bundle need not have the same dimension on the different connected
components of Y.

Proof. This argument appears in [19]. Let D. and S. denote the disc and
sphere bundles of the negative normal bundle to the fixed set ¥.. Using
the retraction of the pair (M}, M) to the pair (D, S.) and the Thom
isomorphism, we get the commutative diagram

—— Hp(MF, M7 2) — Hi (M5 2) = Hp (M 2) —

F

H%(Dca Se; Z) - H;"(DC; Z)
UTe
By the Atiyah—Bott Lemma, the cup product with 7. is injective; there-

fore, the top long exact sequence splits into short exact sequences. The
proposition follows by a diagram chase. O
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Using this proposition, we prove by an inductive argument that the
equivariant cohomology of M injects into the equivariant cohomology of
the fixed point set ¥. In order to start the induction, we now add the hy-
pothesis that a generic component of the moment map is not only proper,
but also bounded below.

Theorem 2.6. Let a torus 1" act on a symplectic manifold M with moment
map g : M — t*. Suppose that some generic component f := ué is proper
and bounded below. Suppose that ¥ = M7 has only finitely many connected
components. Let ¢ : 3 — M be the inclusion of the fixed point set into M.
Then, the pullback map

o Hp(M;Z) — Hp(%;7)

is injective.

Proof. Choose ¢ with f = ué generic, proper, and bounded below. The
critical sets of f are precisely the connected components of . Thus, by
assumption on X, there are only finitely many critical values of f. Order
these critical values as ¢; < ¢ < -+ < ¢, and let X ,..., 2. denote
the corresponding critical submanifolds. These critical submanifolds are
compact, since f is proper. Let Ezci = Msf N Y. We now proceed by
induction on the critical values.

Let € > 0 be smaller than any of the values ¢; — ¢;—1. The injectivity
result is true for M CJ;, as it is equivariantly homotopic to .. Now assume
by induction that it is true for M_ . We will prove that it is true for MCJ: .
Note that M. is homotopy equivalent to MCJZT_ .- We have the long exact
sequence of the pair (M., M), but by Proposition 2.4, this splits into short
exact sequences. Thus, we have a commutative diagram
(2.1)

00— Hj (M3, M ;Z) — Hj(M}; Z) — Hj(M; ;Z) —= 0

e

0 HE (X5 Z) Hi (X5 2) —— Hp (3, ;Z) —=0

where we identify H}.(XF, X, ;Z) = Hp(X.;;Z). The left vertical arrow is an
injection, induced by the Thom isomorphism, and the right vertical arrow
is an injection by the induction hypothesis. A simple diagram chase shows
that the middle vertical arrow must also be an injection. Since there are
only finitely many critical values, the result now follows by induction. [J



Hypertoric Varieties 933

Since T is acting trivially on 3, the ring H7(3;Z) is isomorphic to the
ring H*(X;7Z) ® H}(pt;Z). In general, H7(X;7Z) is easier to compute than
H}(M;Z). Thus, in order to compute H}(M;7Z) as a ring, it now suffices to
describe the image in H7(X;7Z). We will now show that in fact, the image
of H}(M;Z) is the same as the image of the equivariant cohomology of a
certain subset of M.

Let N denote the subset of M given by

N :={x € M | codim(Stab(x)) = 1}.

Thus, N consists of the points in M whose T orbit is exactly one-
dimensional. We now define the one-skeleton of M to be the closure of
N. That is, it is the set

N :={z € M | codim(Stab(z)) < 1}.

We have the diagram of inclusions

N

The next theorem states that the image of H}(M;Z) is the same as the
image of H4(N;Z) in H%(X;Z). It is a non-compact version of a theorem
of Tolman and Weitsman [19, Theorem 1]. As above, the compactness hy-
pothesis is replaced by the hypothesis that some generic component of the
moment map be proper and bounded. Note that our theorem holds with
Z coefficients in contrast to [19, Theorem 1], which is stated for Q coeffi-
cients. To achieve this, we have added an assumption on the 7" weights on
the negative normal bundle.

Theorem 2.7. Let a torus T act on a symplectic manifold M with mo-
ment map g : M — t*. Suppose that some generic component f := uf is
proper and bounded below. Suppose that ¥ := M7 has only finitely many
connected components. Suppose further that the distinct weights of the T°
action on the negative normal bundle, with respect to f, to any fixed point
component are pairwise relatively prime in H7(pt;Z). Then, in the diagram
in equivariant cohomology, induced by the inclusions (2.2),

H:(M;Z) a H:(3:Z)

A
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the image of ¢* is equal to the image of 5* in H}(3;Z).

Remark 2.8. Note that if 7 = S!, we have N = M, and the theorem
automatically holds.

Proof. We proceed by induction on the critical values ¢; < co < -+ < ¢, of
f = put. We first set up our notation. Let ¢ be one of the critical values of
f. Define the sets N = N N MZF. Then, we have inclusions

Eﬂ\/ |

which induce, in equivariant cohomology,

*

Hx(MZE;7) Hx(SF:7)

(N 7)

The base case consists of analyzing these diagrams for the minimum critical
value ¢;. In this case, M and N; are empty, and M_ and N both
equivariantly retract onto 3., . Thus, both 2 and 7} are isomorphisms, and
therefore have the same image.

Assume now by induction that the statement holds for MJ . Let r
denote the natural restriction from im(s%) € HH(X1;Z) to HH(X.;Z).
Note that the image of r is contained in im(y* ). By abuse of notation, we
will let ker(r) denote the inverse image inside Hj.(3,;Z) = H;.(3), X 7Z)
of the kernel of r, using the short exact sequence of the pair (X}, %_). Thus,
we have a commutative diagram
(2.3)

00— H;(MCJZF, MC:_;Z) — H}(M;;Z) — H%(MC:, Z) —(

Zil Z*l
1

0 ker(r) im(y) ———im(L) ——0

The map 2* is a surjection, by the inductive hypothesis. To show that 27 is
a surjection, it suffices to show that the dotted vertical arrow is a surjection.
That 27 is a surjection then follows by a diagram chase.
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We first recall a fact about Euler classes. Suppose T' acts on a complex
vector bundle £ over a manifold X, with fixed point set precisely 3. De-
compose &£ into the direct sum of bundles &,, where T" acts on &, by weight
a € t;. Assume that weights « are distinct and pairwise relatively prime in
H2(pt;Z) 2 €. Let 7, be the equivariant Euler class of the subbundle &,.
Then, if y € H}.(X;Z) is a multiple of 7, for each ¢, then y is a multiple of
the product of the 7,. This follows from the proof of [19, Lemma 3.2]. Al-
though their Lemma is stated for QQ coefficients, the argument goes through
given our assumption of relative primality of the weights.

We now characterize ker(r). Suppose 7 is a class in H%(N;; Z) such that
its restriction to H} (X ;Z) is zero; that is, r o 55 (n) = 0. Let v = @avq
be the T-invariant decomposition of the negative normal bundle to X,
where the weights {a} are distinct. Let N, be the component of the one-
skeleton IV corresponding to the weight o and such that the closure contains
Y., The closure N, is a symplectic manifold, and the restriction of n
to N;r = Ny N Mcf has the property that it vanishes when restricted to
N; = N, N MC:, . This is because 1 vanishes when restricted to Z;, (by
injectivity for N,). By Proposition 2.4 applied to the pair (N;F,N;), we
may conclude that 7 restricted to X., must be a multiple of each 7,. By
assumption, any two distinct 1" weights occurring in the negative normal
bundle to ¥, are relatively prime in H7.(pt; Z). Hence, by the fact recalled
in the previous paragraph, the restriction of 1 to H}(3.,;Z) has to be a
multiple of the product of the 7, which is the equivariant Euler class of the
negative normal bundle to Y.

We now show that the left vertical arrow in the diagram (2.3) is a surjec-
tion. We have shown that any element in ker(r) is, when restricted to X,,
a multiple of the equivariant Euler class 7., of the negative normal bundle
to X¢;. On the other hand, any class in H7(¥.) which is a multiple of 7,
is the image of an element in Hi(M™, M ™) by Proposition 2.4. Hence, the
left vertical arrow is surjective, and the surjectivity of +* follows by the five
lemma. ]

Theorem 2.7 tells us that it suffices to identify the image of j5* to find a
description of H}.(M). We will now place stronger hypotheses on the fixed
point set ¥ and the one-skeleton N so that the image of 7* has a simple
combinatorial description. We make the following definition.

Definition 2.9. Let M be a symplectic manifold equipped with a Hamil-
tonian T' action. We say that the action is GKM if MT consists of finitely
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many isolated points, and the T-isotropy weights «; ), at a given fixed point
are pairwise relatively prime in H}.(M;Z).

Henceforth, we assume that our action is GKM. Thus, each component of
3} is an isolated point, and all equivariant Euler classes are elements of
H7(pt; Z), given as products of the relevant isotropy weights. Moreover,
if the moment map is proper and bounded below in some component, the
one-skeleton is a union of copies of CP! and C, intersecting in fixed points.
When M is compact, the pairwise relative primality of the isotropy weights is
equivalent to the one-skeleton being two-dimensional [9]. The same holds for
GKM actions in the presence of a moment map that is proper and bounded
below in some component, by a symplectic cutting argument.

We now associate a graph I' to the GKM action on M that encodes the
information necessary to compute the equivariant cohomology of M. We
call this the GKM graph. The vertices V of I are the fixed points M. The
edges E of T' correspond to the embedded CP'’s. That is, we include an
edge between two fixed points precisely when they are the two fixed points
of a CP! in the one-skeleton. Each edge e € E is labeled with the weight
a. of the torus action on that copy of CP'. Notice that the C’s in the
one-skeleton equivariantly retract, and therefore do not contribute to the
cohomology of the one-skeleton. Thus, we do not record this information in
the graph I

The computation of the cohomology of the one-skeleton for a GKM ac-
tion now boils down to the computation of the T-equivariant cohomology of
CP!. For the proof of the following Lemma, see, for instance, [10].

Lemma 2.10. Suppose T acts linearly and non-trivially on CP' with
weight . Then, the inclusion of the fixed points (CPY)T = {N,S} into
CP! induces an injection +* : H%(CPY;Z) — HA({N, S};Z), with image

C(HFCPY):Z) ={(f,9) € Hy({N}:Z) & B3 (S}2) | (f — g)

=0 (mod a)}.

Motivated by this lemma, we now define the graph cohomology of I" to
be

H*(T,a) := {f 2V — Hr(pt; Z) ‘ ff(fr) ;,(i«(}f])e(izgg e(rioédpi]e)) }

C Hp(V; 7).
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Since the one-skeleton consists of CP!’s (and equivariantly retractable C’s)
intersecting at fixed points, a Mayer—Vietoris type argument shows that
the image of the cohomology of the one-skeleton under j* is precisely the
graph cohomology. This, combined with Theorem 2.7, yields the following
theorem.

Theorem 2.11. Let a torus 7" act on a symplectic manifold M with mo-
ment map g : M — t*. Suppose that some generic component f := uf is
proper and bounded below. Suppose that ¥ = M7 consists of only finitely
many isolated points, and that the T-isotropy weights at p € ¥ are pair-
wise relatively prime in H7.(pt;Z). Then, under the map ¢*, the equivariant
cohomology H7.(M;7Z) maps isomorphically onto H*(I", cv).

3. Examples: hypertoric varieties.

In this section, we present the examples that motivated the work in this
paper. These are the hypertoric varieties studied in [3, 11, 14, 15]. Like
their Kéhler counterparts, hypertoric varieties come equipped with natural
T actions. However, it is important to note that the GKM hypotheses only
hold for the 7% x S' action on hypertoric varieties, where the S action is
an extra piece of structure on hypertoric varieties not present in the Kahler
versions. This will be explained in detail below. Throughout this section,
we take the coefficient ring R = Z.

We first set some notation in order to facilitate discussion of the ex-
amples. For details, we refer the reader to [3, 11]. Let 7™ be the real
n-dimensional torus acting on C", with induced action on H" = T*C" given
by t(z,w) = (tz,t'w). Let {a;}1<i<n be non-zero primitive integer vectors
in t¢ = R? and let {g;} be the standard basis for t* = R", dual to {h;} the
standard basis for (£*)*. Define the map 3 : t"* — t by setting 3(g;) = a;,
This map fits into an exact sequence
(3.1) 00—tk Lo P g,
where t* := ker(3). Exponentiating yields a subtorus T% of T".

The action of T on H" is hyperhamiltonian, and so the T* action is also
hyperhamiltonian. We denote by M the hyperkéhler reduction of H" by the
subtorus T% at (X,0) € (t*)* @ (t&)*, which we assume is a regular value.
This is the hyperkéhler analogue of the Kéhler toric variety X = C"/\T k.
The reduction M has a residual action of T¢ with hyperkéhler moment map,
denoted p = pur ® pc. Note that the choice of subtorus 7% C T™ and a lift
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X of A\ amounts to choosing an arrangement H of cooriented, affine, rational
hyperplanes {H;}?_,, where the i-th hyperplane is

H; = {z € ()" | {z,a;) = <—x,5i>}.

The coorientation comes from knowing for which x, we have (x,a;) > 0. To
record the coorientations, we define the half-spaces

Fi={ae (@) | (@a) > (-Aa))
(3.2) and
Gi={z € (tH)* | (z,a;) < <_5\’5i>}7

which intersect in the hyperplane H;. In our examples, we assume that the
half-spaces F; intersect in a non-empty bounded polytope A = N, F;. See
Figure 1 for an example. This polytope A is exactly the image under ug of
the Kihler toric variety X = C"/,T*.

1

Figure 1: A simple example of a hypertoric variety of real dimen-
sion 8 obtained by reducing H* by 72. We label the hyperplane
H; by the index i. The region A is shaded. The corresponding
Kahler toric variety is a Hirzebruch surface.

In the case of hypertoric varieties, there is an additional residual Hamil-
tonian S! action descending from the action of S! on the cotangent bundle
T*C" that rotates the fibers with weight 1. Since this restricts to the trivial
action on the zero section C", the S' action is trivial on the Ké&hler toric
variety. Hence, this action is a new feature of hypertoric varieties, and it
turns out that this new S! action is essential for the GKM description of
the T? x S1 equivariant cohomology of M. We denote the moment map for
the extra S! action by ).
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We begin by showing that the hypertoric varieties built above by the hy-
perKéhler Delzant construction satisfy the hypotheses of Theorem 2.11. We
always assume that the affine, rational, cooriented hyperplane arrangement
H is smooth in the sense of [11], which implies that the hypertoric variety
M associated to H is smooth. (In particular, this means that the arrange-
ment is simple: every subset of m hyperplanes intersect in codimension m.)
Moreover, we also assume that the polytope A is non-empty and bounded
in (t4)*. We first show that there is a component of the moment map which
is proper, bounded, and Morse.

Lemma 3.1. Let M be the hypertoric variety associated to an affine, coori-
ented, rational, smooth hyperplane arrangement H such that A = N;F; is
non-empty and bounded. Let (p,1)) be the T¢ x S' moment map on M.
Then there is a component of (u,) which is proper, bounded, and Morse.

Proof. Since we assume that A is bounded, by [11, Proposition 1.3], the
residual S' moment map 4 is proper. Moreover, since the original S mo-
ment map ¢ on T*C" is given by a norm-square of the cotangent vector, it
is bounded below by 0. Hence, the moment map % on the quotient is also
bounded below. Now, consider the 7¢ x S* moment map (u, 1)), with values
in (t4)* x R = R4*1. We have just shown that the component (y,))¢ = 1 of
this moment map is proper and bounded below. By taking a small enough
perturbation of £, we obtain a generic component of the moment map which
is proper, bounded, and also Morse. ]

We must now show that the T¢x S" fixed points on M is a finite collection
of isolated points, and that the isotropy weights are relatively prime. We
set the following notation. The hyperplanes {H;} divide (t¢)* =2 R into a
finite family of closed, convex polyhedra

Ay = (NigaFi) N (NicaGy),
indexed by subsets A C {1,...,n}. For each A C {1,...,n}, let
M = iz (Aa) 1zt 0).

This is a Ké&hler submanifold of M with respect to wg, and is the (possibly
non-compact) Kéahler toric variety associated to Ay [3, 6.5].

Proposition 3.2. Let M satisfy the hypotheses of Lemma 3.1. Then, the
action of 7% x S' on M is GKM.
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Proof. We will need the following facts, all of which may be found in [11].
Since the C moment map pc is S'-equivariant (where S! acts on tr by the
standard rotation action), the S!-fixed points of M must lie in ,u(El(O) =
Ui Ma. On each My, the torus T° 4 acts in a Hamiltonian fashion with
respect to wgr with moment map ugr|ayr, and image A4. Moreover, on each
My, the extra S' action acts as a subtorus of 7%, determined combinatorially
by A.

Since we are looking for 7% x S'-fixed points, the fact that all the S!-fixed
points are contained in yz'(0) allows us to restrict our attention to the toric
varieties M 4. Since the M4 are usual toric varieties, we find immediately
that MT"*S" is a subset of the points in y 1(0) corresponding to the vertices
v € (t9)* of the polyhedral complex defined by H. On the other hand, we
know from the description of MS" in [11] that each such point in (V)
corresponding to a vertex v is also fixed by S'. Hence, the fixed points
MT*S! are isolated, with images under ug exactly the vertices v = N;er H;
in the hyperplane arrangement. In particular, | M TS l| is finite.

1
— 2
— 3

Figure 2: The T9 x S'-fixed points are mapped to the vertices of
the hyperplane arrangement.

We must now check that the T¢ x S weights at a given fixed point p are
pairwise relatively prime in H7,,  (pt). Let I C {1,2,...,n} be a subset
of size d such that N;c;H; # (). Since H is simple, the intersection is a single
vertex v. Let p be the T x S'-fixed point mapping to the vertex v = ug(p).
We wish to decompose T}, M under the T 4 x Sl-isotropy action into a sum of
1-dimensional pieces. Since the arrangement H is simple, there are exactly
2d edges coming out of the vertex v, with two edges for each i € I. See
Figure 3. Each edge e defines part of a polytope A4 corresponding to a
subvariety M4 containing p. Since M4 is a standard toric variety, there
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exists a l-dimensional weight space in T,M, C T,M with T weight o,
where o, is the weight corresponding to that edge in (t¢)*. Since all the
weights o, are distinct in (t7)*, we get a T¢ decomposition

(3.3) T,M = ®7,C,,..

This is also a T% x S decomposition because the S commutes with 7.
1

N

Figure 3: Each edge coming out of a vertex corresponds to a
1-dimensional subspace in 7,,M. Here, the dimension of the hy-
pertoric variety M is 4, and there are 4 distinct 7% weights.

We must now show that the 7¢ x S weights are pairwise linearly inde-
pendent. The hyperplane arrangement H is simple, so for v = N;crH; as
above, the collection {a;};c; form a Z basis of (t¢)z. Recall that for each
hyperplane H;, we have two weights a, corresponding to H; in the decom-
position (3.3). These are the two edges that do not lie in the hyperplane H;.
Let {ae,} be a collection of T¢ weights in T, M with |{a.,}| = d, where we
have chosen a single weight corresponding to each H;. Then, the fact that
H is simple implies that the collection of T¢ weights {c,} is linearly inde-
pendent over Z, so, in particular, pairwise relatively prime over H, (pt; Z).
We may immediately conclude that for 7¢ x S* edge weights ., a; (here,
we abuse notation and use a, to denote both T¢ and T? x S! weights) are
pairwise relatively prime over H7, . (pt;Z) if e;,e; lie on different hyper-
planes.

It remains to deal with the case when two weights ae, a; correspond to
the same hyperplane. In this case, as T weights, they are negative multiples
of one another. Hence, to get relative primality, we must compare their S*
weights. In order to compute this S' weight on a given C,,, we use the
fact that the action of S! on each My, is that of a subtorus (depending



542 M. Harada & T. Holm

combinatorially on A) of T?. It follows from the computation in [11] that
the S! weight on C,, is given by <oze, — D ica ai> € 7 for A4 containing both
the vertex v and the edge e. Although the choice of A here is not unique,
the weight is well-defined. For if a, is an edge weight for M4 and M4,
where A and A’ differ by a single 4, then a; is necessarily in the annihilator
of a.. See Figure 4. By a simple inductive argument, we conclude that the
pairing above remains constant for different choices of M 4.

/— .
/,U =w-—aj

Qe

a; —

W=—3cA i

Figure 4: The computation of the S! weight for the edge e. The
pairing <ae, — D ica ai> is well-defined since for two adjacent re-
gions, the corresponding vectors v and v’ differ by a vector a;
perpendicular to .

To see that o, as are relatively prime, it suffices to check that the S*
weights are not negative multiples of each other. Let A be such that Ay
contains v and e. Let a; define the (unique) hyperplane H;, j € I, for which
e, 0y do not lie on H;. Without loss of generality, we assume (ae, aj) > 0.
Then, <ae/, — D ieA @i — aj> = — <a6, — D ica ai> + (e, a;j) . See Figure 5.
Since (ae, aj) # 0, the S1 weights are not negative multiples, and the 7% x S*
weights a., ae are relatively prime. O

Remark 3.3. From the proof of Proposition 3.2, it is evident that the 7%
action on M is not GKM in the sense of Definition 2.9.

We now give a GKM description of the T¢ x S'-equivariant cohomology
of a hypertoric variety M in the sense of Section 2. Let I' = (V, E) denote
the GKM graph of M, and let H*(T', &) denote its graph cohomology. By
Theorem 2.11, Lemma 3.1, and Proposition 3.2, we may conclude that the
image of the map

dy gl
0t Hiay 0 (M) — Hiay 0 (M)

induced by inclusion is an injection, with image H*(T', «).
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Qs /v/:w—aj

Qe w3

= icA i

Figure 5: Comparison of the S' weights for two edges on the
same hyperplane.

We now have an explicit description of the T% x S'-equivariant cohomol-
ogy of M as a subring of the sum of polynomial rings H7.y, ¢ (MTdXSI;Z).
Another description, in terms of generators and relations, of the 7% x S1-
equivariant cohomology of M was given in [11]. We will now give a set of ring
generators of H*(T', ) & HJ,; o1 (M;Z) by constructing an isomorphism be-
tween the quotient description of the 7% x S'-equivariant cohomology given
in [11] and the GKM description via H*(I', ). We first recall the following
theorem. The Fj, G; are defined in equation (3.2).

Theorem 3.4. [11, 4.4] Let M be the hypertoric variety satisfying the
hypotheses of Lemma 3.1. Given any minimal set S C {1,...,n} such that
NiesH; = 0, let S =S U Sy be the unique splitting of S such that

(3.4) (Niesy Gi) N (Njes, Fy) = 0.

Denote

(3.5) I:<Hui>< H(m—uj) ﬂH¢=@>.
1€S1 JES2 €S

Then, the T x S'-equivariant cohomology of M is given by
(3.6) %o (M;Z) %Z[ul,...,umm]/I.

The isomorphism between this quotient description and the GKM de-
scription of H7,;. ¢ (M;Z) which we present below is similar in spirit to the
isomorphism between the corresponding descriptions for the T%equivariant
cohomology ring of the Kéhler toric variety X. The essential geometric
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insight is to recognize the generators u; as the T x S'-equivariant Chern
classes of certain natural line bundles over M.

We first set some notation. Let v = N;c;H; be a vertex. For each such
v, we define the following subsets of {1,2,...,n}:

I, = {ilveH},
Jy = {ilveF,v¢H},
K, = {i|veG;v¢ H}.

Clearly, I,, = I, the three sets I, J,,, K, are pairwise disjoint, and the union
I,UJ,UK, ={1,2,...,n}. For v a vertex and i € I,, we define 1, ; € (t%)3,
to be the element satisfying

(3.7) (Mw,ira;) =0, Vjel,\{i}, and (ny0a;) =1

This is well-defined since we assume H is simple, so the vectors {a; };cs, form
a Z basis for t%.

We now give a GKM description of the T' x S'-equivariant cohomology
of hypertoric varieties. We specify a T¢ x S! weight as a pair

(o, ¢) € (D% @ Z.

Theorem 3.5. Let M be a hypertoric variety satisfying the hypotheses of
Lemma 3.1, Z the ideal given in (3.5), and H*(I') denote the graph co-
homology associated to M. Then, the inclusion M T9xS', M induces an
isomorphism

H*

desl(M;Z) = Z[u1>-" 7un7x]/zi>H*(F)

Us | Pis

where p; is given by

(0,5 <"7v,z‘> ZJ'EKU aj>), ifiel,
pz(’U) - (070)7 ified,
(071)7 ifi € Ky,
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and where x € H*(T") denotes the equivariantly constant class corresponding
to the integral basis element for Lie(S!).

Proof. Let {h;}?_; be the standard basis of (t")7,, and L; be the topologically
trivial bundle over T*C"™ with T™ x S'-equivariant Chern class h;. Let L; be
the quotient bundle f/i ‘u;ﬁ{ (@,0) / Tk. Then, the classes u; are the T¢ x S1-
equivariant Chern classes of L; [11]. In order to compute the images of u;
in H*(T), it suffices to calculate explicitly the 7% x S' action on each fiber
Lip = L |, for pe MT**5",

Let v = Njer, H; be the vertex corresponding to the fixed point p. Let
7:Y = ppy(a,0) — M denote the quotient by 7%, and let (z,w) € Y be
a preimage of the fixed point p. By the moment map conditions and by the
definitions of I, J,, K,, we have

zi=w; =0 1€ I,
zi#O,wizo 1 € Jy,
ZZ‘IO,U}Z‘#O 1 € K.

For each i € {1,2,...,n}, we wish to compute the restriction of u; = ¢;(L;)
to the fixed point p corresponding to the vertex v. Let v, ; denote the T4
weight component of u; |,. Since the vectors {a;};cs, form a Z basis for
(t4)%, in order to completely specify 7, ;, it suffices to compute the pairing
(Yv,isa;) for all j € I,. Since we will do our computations on the preimage
7 1(p), it will be convenient to do computations with 3*(v,;), where 3* is
defined by taking the dual of the exact sequence (3.1). Let {¢;} denote the
standard basis for t", and let ¢; denote the elements in the corresponding
SYsin T™. Let ((2,w),q) denote an element in the total space of the line
bundle L; over the point (z,w). For j € I, zj = wj = 0, so the action of ¢;
on ((z,w),q) is given by

(z,w),q)  J#1
((Z>w)>tiQ) Jj=1
ﬁ*

tj- ((z,w),q) = {

Hence, the T™ weight 8*(7,,) satisfies (6*(V,1),€5) = (Y., a;) = 0, for all
Jj#i,j €1, as well as (0*(Vu,i), €) = (Vw,i>ai) = 1. Hence, v,; = 1y, by
definition of 7, ; in (3.7).
We now compute the S! weight component of u; | p- Recall that the extra
S1 action on Y C T*C™ is given by rotating the cotangent direction. So, for
an element s € ST,
s+ (z,w) = (z, sw).
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To compute the S action on the fiber of L; over (z,w), we must find an
element in T* taking (z, sw) back to (z,w). The subtorus T% is defined by
the exact sequence (3.1). In particular, an element A = Z?Zl cjej € t¥if and
only if B(A) = > | ¢ja; = 0. Observe that w; # 0 exactly when j € K,
and that z; # 0 exactly when j € J,. Hence, the appropriate element in Tk
will be an exponential of A = Z;‘:l cjej € t* with the conditions cj = 1 for
j € K, and ¢; = 0 for j € J,. 2 Since the {a;};es, are an integral basis for
(t4)5, there is a unique integral solution {m;};cz, to the equation

(38) Z msa; + Z a; = 0.

JEL, JEKy

The S! weight on the fiber of L; is then given by m; for i € I,. Since
1y,; satisfies the conditions (3.7), the coeflicient m; can be computed by the

pairing <"7v,iv — ZjEKv aj> , as desired.
Now, we take the case ¢ € J,. Observe that f/i has a T™ x S'-equivariant

section §;(z,w) = z;, which descends to a T x S'-equivariant section s; of
L; with zero-section

Zi :=A{lz,w] € M | z; =0}.

This zero-section has (real-)moment image ur(Z;) = G;. For j € J,, the
vertex v lies in the interior of F}, so the section s; is non-zero at p. Hence,
the T x S1 action on the fiber of L; at p is trivial, and the T4 x S weight
uj |p is (0,0), as desired.

Finally, consider the case i € K,. We first compute the 7% weight compo-
nent v, ; of u; |, . By the same argument, as for the case i € I, it suffices to
compute the pairings (3*(7y.), ;) for j € I,,. This time, since i ¢ I,,, the T
action on the fiber is trivial, and (8" (vy,i), €j) = (Y,i;a;) = 0 for all j € I,,.
Hence, the T weight component of u; |p for i € K, is 0, as desired. The S 1
weight component of w; |, is given by m; for ¢ € K, in the solution (3.8).
Hence, the S weight component is 1 for i € K, as desired. O

Remark 3.6. Interpreted geometrically on the moment map image, Theo-
rem 3.5 states that for a vertex v lying on a hyperplane H;, the T weight
component 7, ; of the restriction u; |, is specified by the following conditions:

1. the T weight y,i lies on the edge Njer, j»iH;; and

2We take the convention that the standard action of S! on C is given by t -z =
t=12. See [6, Appendix A] for an explanation.
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2. the T? weight 7v,i has positive inner product with the inward-pointing
normal vector a;, so in particular, it always points “towards” A.

Remark 3.7. It is possible to prove that the images of the wu; in

Taeg1(M Txs 1) given in Theorem 3.5 do indeed satisfy the GKM condi-
tions. The proof is rather tedious and we do not include it here.

To illustrate Theorem 3.5, we consider the hypertoric varieties deter-
mined by the hyperplane arrangements in Figure 6.

1 1 1
2
2 2
3 3 3
() 4 m ? (¢ 4

Figure 6: Three different hypertoric varieties.

Example 3.8. Let M, denote the hypertoric variety specified by the hy-
perplane arrangement in Figure 6(a). In [11], the equivariant cohomology
HZ, g1(Mg;Z) is computed to be

raxst(Ma; Z) = Zluy, . ... ,U4,x]/ (ugus, ui(r — ug)ug, uruguy) ,

where the wu; are Euler classes of T% x Sl-equivariant line bundles L; over
M,.

The images of the u; are given in Figure 7. We choose an integral basis
{e1,e3} for t¢ = t? as shown in the Figure, and we denote the integral basis
element for Lie(S') by z. The equivariantly constant class x maps to the
GKM class with weight « at each point.

Example 3.9. Now, let M, denote the hypertoric variety given by the
arrangement in Figure 6(b). The equivariant cohomology is computed in
[11] to be

Hjay g1 (My; Z) = Zluy, . .. ug, z]/ (& — ug)us, uruguy, ujuguy) .

We give the GKM descriptions of the ring generators u; in Figure 8 below.
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Figure 7: Some ring generators for H,
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Figure 8: Some ring generators for H7.,. o1 (My; Z).

Example 3.10. Let M. be the hypertoric variety given by the arrangement
in Figure 6(c). The equivariant cohomology is computed in [11] to be

ras gt (Me;Z) = Zlwa, . .. ug, ) [ (ugus, (x — ur)us(z — ua), uguguy) .

We give the GKM image of the u; in Figure 9 below.

We end this section with a discussion of the T¢ action on a hypertoric
variety, considered as a GKM action. We have already noted in Remark 3.3
that the T action on M does not satisfy the GKM hypotheses in the sense of
Definition 2.9. It does satisfy the more general GKM conditions considered
in [10], in which the theory is developed in the language of cell complexes

with a compatible T' action. Thus, by [10, Theorem 3.4}, H7,(M;Z) does
admit a GKM description in H7, (M . Z). We will now exploit our knowl-
edge of the GKM description of H7,,, ¢ (M;Z) to give an explicit list of ring
generators for H7,,(M;Z), described as elements of H7.,(M Td; 7).

Remark 3.11. Note that the techniques in [10] do not in general yield ring
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x e1+x e1—e2—T —eo—T 0 0 e1—e2+x x
N €1—€2 N O 0 N —eo
< 0O < N 0 < N 0 o

e 0
. €2 —e1te2

P1 P2 p3 P4

—e1

Figure 9: Some ring generators for H7.,; o1 (Mc; Z).

generators for the T-equivariant cohomology, so this is a new result from
our explicit analysis of M as a T% x S! space.

We will obtain GKM ring generators for H7.,,(M;Z) by “GKM in stages
First, recall that in the Borel construction M xpa ETY for HY (M;Z), w
may use instead of ET? any contractible space on which T¢ acts freely. In
particular, we may use E(T% x S'). Hence, there is a natural map

;dxsl(M§Z) - H’;:d(M;Z)
induced by the inclusion
M xpa BE(T? x SN M xpay g E(T? x SY),

. . . .. d d 1 .
In our situation, we have in addition that M7T° = MT°*5" so we obtain a

commutative diagram

M Xgaygr B(T? x ') <——=MT>5" xpu o1 B(T? x SY)

T In ,

M xpa B(T% x 81y <———MT" x4 E(T? x SY)

where II uses the equality M T = pTIxS!

equivariant cohomology

. We then have a diagram on

H*

Tdx Sl (Myz)c—> H’;dxsl (MTdXSl; Z)

|

H3y(M; 2)—— 3, (M™", Z)



550 M. Harada & T. Holm

Since the left vertical arrow is a surjection by formality of H7, ¢\ (M;Z)
over H{,(pt;Z) [11], the right vertical arrow II* also gives a surjection on
the images. Moreover, since the images of the u; generate H}d(M ), in order
to give generators for the GKM description of H7,,(M;Z) in H}d(MTd; 7),
it suffices to compute IT*(p;), where the p; are given in Theorem 3.5. Note
that the map II* is the map that sends xz to 0. We end the section with an
example of an explicit computation.

Example 3.12. A set of generators of H},(M;Z), considered in

;d(MTd; Z), are shown in Figure 10 below. They are the 7*(p;) for the p;
given in Example 3.8.

e1—es 0 0 —e2
el ,\0 _32\ e1—e2 Ot 0 0¢ —€1
0
ei. " 0 e —e1+es -
e m™(p1) ™ (p2) ™™ (p3) 7 (p4)

Figure 10: Ring generators for H7.;(My;Z).

4. The real locus.

We now consider the situation in which we have, in addition to a Hamiltonian
T-action on M, an antisymplectic involution ¢ on M which anticommutes
with the action of T, i.e.

(4.1) o(tr) =t to(z), Vxe M, VteT.

The o-fixed points @ := M? in M is a real n-dimensional Lagrangian sub-
manifold of M, which we call the real locus of M. The real locus ) and
its properties (e.g. its image under the 7' moment map, and its equivari-
ant cohomology) have been extensively studied; see [5], [17], [4], [18]. Most
of the known results use the assumption, in addition to certain technical
conditions about the T" action, that M (and therefore @) is compact. We
will show in this section that many known results generalize to the situation
in which M is not necessarily compact, but a component of the moment
map is proper and bounded below. Again, our motivating example is the
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hypertoric variety with its 7" x S' action, which will be discussed in detail
in Section 5.

We begin our story with an extension of a theorem which states that the
image of the real locus under the 7' moment map coincides with that of the
whole manifold M, i.e. u(Q) = p(M). When the manifold M is compact,
this result is due to Duistermaat [5].

Proposition 4.1. Let (M,w) be a symplectic manifold with a Hamiltonian
T action, T" moment map pu, and o an antisymplectic involution satisfy-
ing (4.1). Denote by @ the real locus of M, i.e. @ := M. Suppose that
there is a component of the moment map p which is proper and bounded
below. Then, pu(Q) = u(M).

Proof. Let u¢ be a component of a moment map for M which is proper and
bounded below. We may assume ¢ is rational. Denote by Sé1 the subtorus
in T generated by £. Since o(tx) = t~lo(x) for all x € M,t € T, we may
assume that ué(o(x)) = pé(x), for any x € M [17, 2.2]. Without loss of
generality, we assume 0 is the minimum value of ¢ on M. Let M, be the
symplectic cut space of M at the value s > 0 with respect to the action
of Sél. M., s. Then, M., is equipped with an antisymplectic involution
Tets, descending from the involution 6(m,z) = (o(m),z) on M x C, as
well as a Hamiltonian 7' action, descending from the action of 7" on the
first factor. These obey the relation (4.1). Denote by @ the 7' moment
map on My, and let Q, := (M )7+ be its real locus. Since p¢ is proper,
the symplectic cut space M, is compact. Thus, Duistermaat’s theorem
applies, and (M) = 7i(Q,). On the other hand, the symplectic cut space
M, contains as an open subset the preimage (ué)~'((—oo,c + s)) € M
in the original manifold, and on this open piece, the involution .5, the
Hamiltonian 7" action, and the T' moment map p all agree with those just
defined on M. Since s was arbitrary, we may conclude that u(M) = p(Q). O

Remark 4.2. Note that for the above proposition, we do not need to as-
sume that the T" action is GKM. We only need that the 7" moment map is
proper and a component is bounded below.

We now turn our attention to the mod 2 GKM theory for the real locus
Q. Since the T action on M anticommutes with o, there is a subgroup
{£1}" = (Z9)™ C T™, denoted Tk, which preserves ). Thus, we can speak
of the Tr-equivariant cohomology of @), and we will show that under certain



552 M. Harada & T. Holm

conditions, we have an isomorphism of graded rings
HE'(M;Zo) = Hf, (Q; Zo)

that halves the grading. (For the compact case, see [4, 18].)

Henceforth, we assume that the T" action on M is GKM. In order to get
the isomorphism of graded rings described above, we will need additional
assumptions on the T-isotropy weights at the fixed points. We first set up
the notation. The mod 2 reduction of a weight o € t; in the weight lattice
of T' is defined to be its image in t;/2t},. We will denote by @, ; the mod 2
reduction of a T' weight «,,; at a T-fixed point p.

Definition 4.3. Let M be a manifold equipped with a T action. Then,
the action is mod 2 GKM if it is GKM and, for every p € MT, the mod 2
reduced weights {@,;}i_; are all distinct and non-zero.

Remark 4.4. In [18], the term Zo pure is used; this is equivalent to mod 2
GKM.

In Section 2, we have already shown that the GKM theorem holds for
non-compact GKM actions if certain conditions hold on the moment map.
In order to show the isomorphism of the two cohomology rings H2*(M;Zs)
and H}R(Q; Zs), we need now to show that the analogous results hold for
a non-compact real locus ¢ in the case where the T action is also mod 2
GKM. We will use the Morse theory of the restricted moment map p|g on
Q. Let P be the set

P :={z € Q| codimg,(Stabr,(x)) = 1}.

As before, we define the one-skeleton P of the Tk action on @ to be the
closure of P .
We first claim that when the T action is mod 2 GKM, then

(4.2) MT =Q™
and
(4.3) P=NnNQ.

Thus, the combinatorics of the mod 2 one-skeleton P for the Tk action on @
is the same as that of the one-skeleton N. We give below a sketch of a proof
of the equality (4.2) because there is a gap in its proof in [4, Theorem 5.2].
We outline the argument in [18, Proposition 5.1.6], and we include this here
because Schmid’s thesis is not available in print.
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Proposition 4.5. Let a torus T act on a symplectic manifold M with mo-
ment map p : M — t* that is proper and bounded below in some generic
component. Suppose further that M is equipped with an antisymplectic
involution ¢ that anticommutes with the 71" action, and that the T action is
mod 2 GKM. Then, M7 = QT&.

Proof. We must first show that QTR C M7, This is what is shown in the
proof of [4, Theorem 5.2]. The proof of this uses the fact that the isotropy
weights have non-zero mod 2 reductions. The gap in the proof is that the
reverse inclusion M7 C Q% is not addressed. We complete that now.

It suffices to show that M1 C (). We first show that there is at least one
T-fixed point in Q. Let ué be a generic component of x that is proper and
bounded below. Since the fixed points are isolated, there is exactly one fixed
point p € MT mapping to the minimum value of ué. By Proposition 4.1, we
have pé(Q) = u¢(M), and so, we must have p € Q.

Now, we show that every T-fixed point is in Q. Let (p,q) be an edge in
I', corresponding to an embedded CP', where p is a vertex known to be in
Q. This CP! is fixed by a codimension 1 subtorus 77 < T. It is a connected
component of MT', and M7 is preserved by o. As p € Q, this copy of
CP! must itself be preserved by o. Applying Proposition 4.1 to this CP?
allows us to conclude that ¢ is also an element of (). Finally, because the
one-skeleton is connected, it follows that every T-fixed point is in ). This
completes the proof. O

Remark 4.6. In the compact setting, (4.3) is proved in [4, Theorem 5.2]
and in [18, Proposition 5.1.5]. In the non-compact setting, this follows by a
cutting argument similar to that given in the proof of Proposition 4.1.

We assume from now on that the T action on our manifold M is mod 2
GKM. In this situation, the moment map u, restricted to @, also behaves
quite nicely. By our assumptions on M, there is a component of the moment
map p& which is proper and bounded below, and (since the action is GKM)
is a Morse function on M. In [5], Duistermaat showed that the restriction of
ué to Q is also a Morse function on @, and has critical points exactly M7 NQ
when M is compact. In our situation, his argument goes through to show
that components of y are again Morse functions on ). Thus, this allows us
to compute the equivariant cohomology Hr, (Q;Z2) using an argument very
similar to that given in Section 2.

The statement of the analogous mod 2 GKM theorem for real loci will
require the definition of a mod 2 GKM graph I'r. The vertices Vg of I'r
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are the fixed points Q. The edges are given by the components of the
one-skeleton P the closure of which is an S', and they connect the two fixed
points in Q™® contained in this S'. To each edge e, we associate a weight
@, of the TR action on this S'. We then define the graph cohomology
H*(Tg, ar) to be

H (T, o) = {f:VHH%R(pt;Zz)

C Hp(V;Za).

f(p) = f(g) =0 (mod @) }
for every edge e = (p, q)

Note that for Tr = (Z2)?, the Tg-equivariant cohomology H7, (pt;Zs) is a
polynomial ring over Zs with d generators, where the generators are degree
1 instead of degree 2.

We will need the following mod 2 version of the Atiyah—-Bott lemma. For
a proof, see [2, Proposition 5.3.7] or [7, Lemma 2.3].

Lemma 4.7 (Atiyah—Bott). Let £ — B be a real rank ¢ vector bundle
over a compact manifold B. Let Tk be the group Tk = (Z2)?. Suppose
that Tr acts on £ with fixed point set precisely B. Choose a Tr-invariant
Riemannian metric on &, and let D and S be the corresponding disk and
sphere bundles, respectively, of £. Then, the long exact sequence of the pair
(D, S) splits into short exact sequences

00— H%R(D, S; ZQ) e H%R(D; Zg) e H;R(S; Zg) —(.
We now prove the real locus version of Theorem 2.11.

Theorem 4.8. Let M be a Hamiltonian T space with moment map p. As-
sume that there is a generic direction ¢ such that uf is proper and bounded
below. Suppose further that M is equipped with an antisymplectic involu-
tion ¢ that anticommutes with the 71" action, and that the T' action is mod
2 GKM. Let @, denote the real locus. Then, the inclusion Q7@ induces
an injection

H7,, (Q3 Zo)— Hi,, (QT% Zo),

in equivariant cohomology, and the image is precisely H*(I'g, @).

Proof. The outline of the proof is the same as that given in Section 2. We will
only mention the relevant steps where some additional argument is necessary.

We begin with the mod 2 version of Proposition 2.4. To get the state-
ment, we replace M with the real locus @, the Morse-Bott function u¢ with
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g:= ,uf\Q, T with Tr, and Euler classes with Stiefel-Whitney classes. This
follows from Lemma 4.7 by the same argument as in Proposition 2.4. Thus,
the restriction from H%R(Qj;Zg) to Hy, (Q;;Z) induces an isomorphism
from the kernel of £* to those classes in HF, (p;Z2) which are multiples of
Kp, the equivariant Stiefel-Whitney class of the negative normal bundle to
p with respect to g. We are assuming the action is mod 2 GKM, so the
fixed point components are isolated points. The mod 2 version of the injec-
tivity theorem, Theorem 2.6, now follows by the same argument, using the
Tr-equivariant Thom isomorphism theorem with Zs coefficients.

Before proceeding to the mod 2 analogue of Theorem 2.7, we first take a
moment to analyze the Tg-isotropy weights at the fixed points Q% which
are the critical points of g. Let p be a fixed point in M7 = Q™®. There exists
a neighborhood of p equivariantly symplectomorphic to a neighborhood of 0
in T, M with the symplectic form w,. Moreover, since p € @, the involution
o acts on T,M, anticommuting with the action of T. The local normal
form theorem in [17, Theorem 7.1] implies that there exists a T-invariant,
o-anti-invariant compatible complex structure on 7, M making it a complex
vector space, and as a Tg module, T),M is canonically isomorphic to the
complexification of (T,M)?. More specifically, we have local coordinates
such that a neighborhood of p in M is of the form ®},C,, ,, where the
a; p are the T-isotropy weights at p, and o is given by complex conjugation
on each factor. Then, a neighborhood of p in @ in these coordinates is of
the form &; Rz, ,. Thus, the Tg-isotropy weights at p of T, are exactly
the mod 2 reductions of the T-isotropy weights {c;p}. In particular, the
Tr-equivariant Stiefel-Whitney class of the negative normal bundle in @
with respect to g is given by the product of the Tk weights @; ), for which
(0 p, &) < 0. Since by assumption, all Tk weights are non-zero, the product
is also non-zero in Hz, (p; Z2), and therefore, not a zero divisor. Finally, we
note that two elements @, o’ in H7, (p;Zs) are relatively prime if they are
non-zero and distinct.

Using the above observations, the mod 2 version of Theorem 2.7 follows
from the same argument as in Section 2. g

In order to compute Hz, (Q;Z2), it now suffices to compute the image of
Hr, (P;Z3) in the ring H%R(QTR; Zs). Finally, to observe the isomorphism
between the graded rings H2*(M;Zs) and HF (Q;Zs), it suffices to com-
pare the relevant graphs. Note that since M7 = Q. the vertices of the
graphs I' and T'r are the same, and because P = N N Q, the graphs are the
same. Moreover, by the argument given in the proof of Theorem 4.8, the
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images mod 2 of the isotropy weights . on the edges of I' are exactly the
Tr-isotropy weights on the edges of I'g. Thus, the combinatorial data spec-
ified by the GKM and mod 2 GKM graphs are identical, and the following
corollary is immediate.

Corollary 4.9. Let M be a Hamiltonian T space with moment map p. As-
sume that there is a generic direction & such that u¢ is proper and bounded.
Suppose further that M is equipped with an antisymplectic involution o
that anticommutes with the T" action, and that the T" action is mod 2 GKM.
Let @ denote the real locus. Then, there is an isomorphism

HF(M;Zy) = Hj, (Q; Zs)

that halves degrees.
5. Examples: real loci of hypertoric varieties.

The hypertoric varieties in Section 3 have a natural antisymplectic involution
o, induced from the antisymplectic involution on T*C™ given by (z,w) —
(z,w). We now analyze the topology of the real locus of M using techniques
of the previous section.

Let M be a hypertoric variety specified by a hyperplane arrangement H
and parameter «. Then, the real locus @ of M is the set

Q= M’ ={[z,w] € M| z,weR}

Since the hypertoric variety has an action of 7% x S, the group acting on
Q is now Tg = T x Zs.

In this situation, the isomorphism between the Tr X Zo-equivariant coho-
mology of @ and the T x S'-equivariant cohomology of M (both with Zs co-
efficients) can be explicitly described in terms of the line bundles L; over M.

Proposition 5.1. Let M be a hypertoric variety specified by H and a.
There are antisymplectic involutions o; on the total spaces of the L;, ex-
tending the natural involution o on @, so that the fixed point sets L7 are
real vector bundles over (). Moreover, under the isomorphism in Corol-
lary 4.9, the Chern class u; of L; is mapped to the Stiefel-Whitney class «;
of the real bundle L.

Proof. For each line bundle L; over T*C", define an involution &; in coordi-
nates by
gi - (Z> w, q) = (Ev w, @)
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This is a lift of the standard antisymplectic involution on T*C". The &;-
fixed point set in T*C" is a Tr-equivariant real line bundle over T*R", and
its complexification is the restriction of L; to T*R™. Since the &; are anti-
T-equivariant, they descend to antisymplectic involutions ¢; on the L; on
M. The o;-fixed point sets are Tr-equivariant real line bundles over the real
locus @, and their complexifications are L;|g.

Since the complexification of (L;)?¢ is isomorphic as a real bundle to
LY & LY, we have ro(L{") = r1(L7*)%. Under the natural homomorphism
H?*(Q;Z) — H?*(Q;Z2), the image of the Chern class of a complex line
bundle is the second Stiefel-Whitney class, so we may conclude that the
isomorphism between Hp(M;Z) and Hf, (Q;7Zs2) takes the mod 2 Chern
class of L;|g to the Stiefel-Whitney class x; of Lfl O

Remark 5.2. The presentation of the 7% x Sl-equivariant cohomologies
given in Examples 3.8, 3.9, and 3.10 is therefore, identical to that of the Tﬂ‘é X
Zo-equivariant cohomologies of their real loci, where we use Zsg coefficients
and divide all degrees of the classes in half.

Remark 5.3. The techniques developed in Section 4, and this description
of H;ﬁsz(Q;Zg) is used in [11] to compute a deformation of the Orlik—
Solomon algebra of a smooth real hyperplane arrangement, depending non-
trivially on the affine structure of the arrangement.
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