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A Maslov cocycle for unitary groups

Linus Kramer and Katrin Tent

ABSTRACT

We introduce a 2-cocycle for symplectic and skew-hermitian hyperbolic groups over arbitrary
fields and skew-fields, with values in the Witt group of hermitian forms. This cocycle has good
functorial properties: it is natural under extension of scalars and stable, and so it can be viewed
as a universal 2-dimensional characteristic class for these groups. Over R and C, it coincides with
the first Chern class.
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Introduction

We introduce a Maslov index and Maslov cocycle for symplectic and hyperbolic unitary groups
over arbitrary fields and skew-fields. In the classical work of Lion and Vergne [13], this is done
by associating to triples (X, Y, Z) of Lagrangians in a real symplectic vector space M a certain
integral invariant, the Maslov index. This invariant is used to construct a Z-valued cocycle
for the symplectic group. The corresponding group extension of the symplectic group is the
topological universal covering group of Sp,,, R.

In this approach, it is somewhat cumbersome that one has to deal with arbitrary triples of
Lagrangians. Our starting point was the idea that the whole construction should also work if
one considers only triples of Lagrangians in ‘general position’, that is, triples (X,Y,Z) in M
that are pairwise opposite,

M=X+4Y=Y+Z=Z+X.

Geometrically, such triples are much easier to classify. Moreover, these triples carry an
interesting algebraic structure. To each pair (X,Y") of opposite Lagrangians one can associate
a linear map [Y; X] that identifies X with the dual of ¥ and the dual of X with Y. In this
way we obtain a graph, the opposition graph, whose vertices are the Lagrangians and whose
edges join opposite Lagrangians. Concatenating the linear maps [Y'; X| along closed paths in
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this graph, we arrive at an interesting groupoid GM, the projectivity groupoid. A minimal
closed path has length 3, and the resulting element in the holonomy group turns out to be
a complete geometric invariant for the triple consisting of the three Lagrangians along the
path. This makes sense and works not just for symplectic forms, but for arbitrary hyperbolic
skew-hermitian forms over fields or skew-fields.

In order to relate this invariant to group cohomology, we need a chain complex. A natural
candidate is the flag complex of the opposition graph, whose simplices are the finite complete
subgraphs (cliques). If the field is infinite, then this flag complex is contractible and the
symplectic (or unitary) group acts on it, and thus its equivariant cohomology is isomorphic to
the group cohomology.

The final ingredient is the observation that along a closed path of length 3, the element in
the holonomy group determines a nondegenerate hermitian form, which may be viewed as an
element in a Witt group. In this way we associate to every triangle in the opposition graph an
element in the Witt group of hermitian forms. We verify that this map is indeed an invariant
cocycle, which gives us a 2-cocycle for the unitary group.

This cocycle, which we call the Maslov cocycle, has good functorial properties. It is
stable under direct sums of hermitian spaces and well behaved under extension of scalars.
Furthermore, it coincides in the symplectic setting over fields of characteristic not equal to 2
with the classical Maslov cocycle. Our cocycle, however, exists over arbitrary fields and skew-
fields of any characteristic. Furthermore, the cocycle can be reduced to a subgroup of the Witt
group, the kernel of the signed discriminant.

The classical Maslov cocycle is important, as it yields a central extension of the symplectic
group. The question which extension is defined by our general Maslov cocycle can by and large
be reduced to a map in algebraic K-theory. In the smallest case Sp, D = SLy D this is due to
Barge [1] and Nekovar [19]. Nevertheless, even in the classical situation of a symplectic group
Sp,,, D over a field D # R, our result appears to be the first complete proof for this. In general,
the cocycle is related to certain symbols and depends on algebraic properties of the field. We
carry this out in some detail for local fields. For R and C the Maslov cocycle ‘is’ the first Chern
class ¢; and gives the universal covering groups of Sp,,, R and SU(n, n). Over nonarchimedean
local fields, we obtain a covering of degree at most 2.

A Witt group-valued Maslov cocycle appears already in [13]. Besides this, our paper is
influenced from [19, 21] (but see the remarks after Theorem 23). The idea of a ‘partially
defined cocycle’ seems to go back to Weil and appears also in a topological context in [16].
The opposition graph is used (in a different way) in [20]. The Maslov index itself has been
generalized in several ways [3, 18]. Buildings [10, 27] are not mentioned in this paper, although
the motivation for our approach is the opposition relation in spherical buildings. Lurking behind
the linear algebra is the projectivity groupoid for spherical buildings, which was first studied
systematically by Knarr [8] for spherical buildings of rank 2.

We assume that the reader is familiar with basic homological algebra, as well as hermitian
forms and unitary groups. Apart from this, we tried to make the paper self-contained and
accessible to nonexperts.

Acknowledgements. Part of this work was completed while the authors were at the School
of Mathematics, Birmingham, UK. We thank Theo Grundhofer, Karl-Hermann Neeb, Chris
Parker, Andrew Ranicki and Winfried Scharlau.

1. Lagrangians and hyperbolic modules

In this section we introduce some standard terminology from the theory of hermitian forms.
Everything we need can be found in [6, 9, 23]. We work over a field or division ring D of
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arbitrary characteristic. The modules we consider are finite-dimensional right D-modules. We
assume that J is an involution of D, that is, an antiautomorphism whose square is the identity
(we allow J = id). The involution extends naturally to an involution of the matrix ring D™*"
which we also denote by J. For ¢ = +1 we consider

Df={acD|a—a’c=0}.

1.1. Forms
A form on a right D-module M is a biadditive map f : M x M with the property that
f(ua,vb) = a’ f(u,v)b
for all u,v € M and all a,b € D. An e-hermitian form h is a form with the additional property
that
h(u,v) = h(v,u)’e,

and (M, h) is called a hermitian module. If f is any form, then

hf(uv U) = f(uv U) + f('Ua U)JE

is e-hermitian. The hermitian forms that arise in this way are called trace e-hermitian or even.
If char(D) # 2, then every e-hermitian form is automatically trace e-hermitian; this is also true
in characteristic 2 if J is an involution of the second kind, that is, if J|cen(py # id, but may
fail otherwise [6, 6.1.2]. Note also that hy(u,u) = 0 is equivalent to f(u,u) € D~°.

1.2.  The dual MY of M (which is a left D-module) can be made into a right D-module
M by twisting the scalar multiplication with J, that is, by setting

€a = [v— a’§(v)]

(where a € D, ¢ € MY and v € M). Thus forms are just linear maps M — M. A form is called
nondegenerate if the associated linear map is injective (and hence bijective). There is a natural
notion of an isomorphism (or isometry) of forms; the automorphism group of a nondegenerate
e-hermitian form is the unitary group

U(M,h) =U(M) ={g € GL(V) | h(u,v) = h(g(u), g(v)) for all u,v € M}.

1.3. Lagrangians

For any subset X C V we have the subspace X+ = {u € M | h(z,u) = 0 for all z € M}, the
perp. A subspace that is contained in its own perp is called totally isotropic and a subspace that
coincides with its perp is called a Lagrangian. A nondegenerate hermitian form that admits
Lagrangians is called metabolic.

1.4. The hyperbolic functor

Given a right D-module X, there is a natural form f on M =X @ X7, given by
F(z,6), (y,n)) = &(y). The associated trace e-hermitian form

hx((z,€), (y,n) = £(y) +n(x)e

(and every isometric hermitian module) is called hyperbolic. Obviously, X is a Lagrangian, and
so hyperbolic modules are metabolic. The converse is true for trace-valued hermitian forms and
hence in particular in characteristic not equal to 2 (see [9, I 3.7.3]). The rank of a hyperbolic
module is the dimension of X (that is half the dimension of the hyperbolic module). We note
that the assignment

hyp: X — (X ® X7, hy)
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is a functor from D-modules to hermitian modules, and that hyp induces an injection GL(X) —
UX e X7).

1.5. Special cases and Lie groups

Every hyperbolic form (M, h) can be reduced to one of the following three types.

Symplectic groups: If (J,e) = (id, —1), then D is necessarily commutative and U(M) =
Sp(M) is the symplectic group. For M = R?*" and M = C?", these Lie groups are often denoted
by Sp(n,R) and Sp(n,C), respectively

Hyperbolic orthogonal groups: If J =1id and € =1 # —1, then D is commutative and of
characteristic different from 2. The group U(M) = O(M) is the hyperbolic orthogonal group;
for R and C, these Lie groups are often denoted by O(n,n) and O(2n,C). We shall see in
Subsection 2.3 below that the Maslov cocycle is uninteresting in this situation.

Standard hyperbolic unitary groups: If J # id, then U(M) is the standard hyperbolic unitary
group. Scaling the hermitian form by a suitable constant and changing the involution, we can
assume that e = —1 (‘Hilbert 90’; see [6, p. 211]). The —I1-hermitian forms are also called
skew-hermitian. Examples of involutions are the standard conjugation z — z on C and on
the real quaternion division algebra H. Note that there is also the ‘nonstandard’ involution
2% = —izi on H. The skew-hyperbolic unitary groups corresponding to (C", z — z), (H", z — %)
and (H",z — z%) are the Lie groups denoted by U(n,n), SO*(4n) and Sp(n,n) in [7, X,
Table V].

2. The opposition graph and triples of Lagrangians

In this section we construct an invariant « that classifies triples of pairwise opposite Lagrangians
in a —e-hermitian hyperbolic module up to isometry. The invariant is a nondegenerate
e-hermitian form. In particular, we will have to work simultaneously with e- and —e-hermitian
forms. We assume throughout that M is a —e-hermitian hyperbolic module and we let

L=LM)={XeM|X=X"}

denote its set of Lagrangians.

DEFINITION 1. We call two Lagrangians X and Y opposite if X N'Y = 0 or, equivalently,
if M = X + Y. If the rank of M is 1, then Lagrangians are 1-dimensional, and X is opposite
Y if and only if X #Y.

LEMMA 2. If M has rank 1, then £ has |D¢| + 1 elements.

Proof. Let x be a nonzero vector in the 1-dimensional space X and let £ € X7 be its
dual, that is, £(z) = 1. Then x and ¢ span X ® X7/ = M. The vector v = (za,£) spans a
Lagrangian if and only if £(za) = a € D®. There is precisely one additional Lagrangian, spanned
by (x,0). O

Later it will be important that there are enough Lagrangians. We note that D® is infinite
if D is an infinite field, unless J =id and ¢ = —1 # 1. If D is not commutative, then D¢ is
always infinite [6, 6.1.3].

PROPOSITION 3. If |D?| > k, then there exists for every finite collection Xi,..., Xy of
Lagrangians a Lagrangian Y opposite to X1, ..., Xg.
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Proof. Let n denote the rank of M. We proceed by induction on k > 1, modifying the
proof in [27, 3.30]. Let X;,..., X} be k Lagrangians. We choose a Lagrangian Y such that ¢ =
dim(Y N X7) is as small as possible, and (by the inductions hypothesis) such that Y is opposite
X5, ..., X§. We claim that £ = 0. Otherwise, we can choose a subspace Q C X; of dimension
n — 1, such that X; = Q + (Y N X;). Now Q* can be split as QL H, with H hyperbolic of
rank 1. The 1-dimensional Lagrangians P of H parametrize the Lagrangians of M containing
@ bijectively via P+— Q @& P. Let P, =Y N H. For v =2,... k, each X} determines a unique
1-dimensional Lagrangian P, C H with dim((Q + Px) N Xj) # 0. By Lemma 2 we may choose a
1-dimensional Lagrangian P’ C H different from Py, ..., P;. Then Y’ = P’ @ Q is a Lagrangian
opposite Xo, ..., X with dim(Y" N X;) = ¢ — 1, which is a contradiction. O

In particular, there exists always a Lagrangian Y opposite a given Lagrangian X. The
map y — h(y, —)|x is an isomorphism ¥ = X* and we have thus a unique isomorphism of
hyperbolic modules X @& X7 = X @Y = M extending the inclusion X — M. If (X",Y') is
another such pair, then we can choose a linear isomorphisms X = X’ and obtain isomorphisms

Hence we have established the following result (which also follows from Witt’s theorem [6,
6.2.12]).

LEMMA 4. The unitary group U(M) acts transitively on ordered pairs of opposite
Lagrangians.

2.1.  We now study this U(M)-action in more detail. We fix a D-module X of dimension
n, with basis x. We consider Y = X7 and we let y denote the dual basis. Then M = X @Y
is hyperbolic of rank n, with basis x,y, and we may work with 2 x 2 block matrices. The
hermitian form h = hx on M is represented by the matrix

=0 %)

We find that the U(M)-stabilizer L of the ordered pair (X,Y") consists of matrices of the form

a0
K‘L(O a>’

with a € GL, D and ¢,{, = {,4, while the U(M)-stabilizer U of (X,x) consists of matrices

of the form
(1t
“=10 1)

with t — t7e = 0, that is, ¢ € D™*™ has to be e-hermitian. Note also that u,uy = Upgt ut_l =
u_y, and that

fautégl = Ug—Jtq—1-
The U(M )-stabilizer P of X splits therefore as a semidirect product P = LU, with Levi factor
L and unipotent radical U < P.
Next, we note that if Z is another Lagrangian opposite X, then we have a unique isomorphism

X®Y — X @ Z fixing the basis x. This isomorphism is therefore given by an element of the
group U, and we have the following result.

LEMMA 5. The group U acts regularly on the set X°PP of all Lagrangians opposite X .
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Let u; € U. Then the Lagrangian Z = u(Y) is opposite Y if and only if M is spanned by
v, ut(y). With the matrix notations we established before, we have

u(yy) = Yo + Y Xutuw
m

A necessary and sufficient condition for Z = u;(Y") being opposite Y is thus that the matrix ¢
be invertible.

2.2.  Welet H={t € D™ |t —t/e =0} denote the set of all e-hermitian n x n-matrices.
There is a natural left action (a,t) — a~7ta~! of GL, D on H, and we denote the orbit of ¢
by (t). The orbit space

Herm.(n) ={(t) |t € H} = [\H
consists thus of the isomorphism classes of e-hermitian forms on D™. We denote the subset
corresponding to the nonsingular hermitian forms by Herm? (n). Then we have an L-equivariant
bijection given by
H — X" tr— (V).
Factoring out the L-action, we get bijections as follows:
Herm.(n) — L\X°P? and Herm?(n) — L\(X°PP NY°PP)

While the isomorphism H — U depends on the chosen basis x, these two maps are base-
independent as one can easily check (this will also follow from Subsection 4.3). Summarizing
these results, we have the following theorem.

THEOREM 6. Let £®) C L x L x L denote the set of all triples of pairwise opposite
Lagrangians. Then we have a U(M)-invariant surjective map

£3) & Herm?(n)
whose fibers are the U(M)-orbits in £L®). The map & is given by
k(9(X), 9(Y), gur(Y)) = (B),

where X,Y is our fixed pair of opposite Lagrangians as in Subsection 2.1.

The result will be refined in Proposition 9.

2.3. According to Subsection 1.5, we have the following cases.

Symplectic groups: The triples are classified by isomorphism classes of nondegenerate
symmetric matrices.

Hyperbolic orthogonal groups: The triples are classified by isomorphism classes of non-
degenerate skew-symmetric matrices. There is one such class if n is even, and £®) = & if
n is odd.

Standard hyperbolic unitary groups: We may assume that ¢ =1 (thus the form is skew-
hermitian), and then the triples are classified by isomorphism classes of n-dimensional
nondegenerate hermitian forms.

3. Flag complexes of graphs

We continue to assume that M is a —e-hermitian hyperbolic module. Now we consider the
simplicial complex whose k-simplices are k + 1-sets of pairwise opposite Lagrangians. It will
be convenient to do this in the general setting of graphs, flag complexes and simplicial sets.
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3.1. The opposition graph

By a graph T' = (V, E') we understand an undirected graph without loops or multiple edges;
V is its set of vertices, F its set of edges, and edges are unordered pairs of vertices. If {u,v}
is an edge, then we call u,v adjacent. For the hyperbolic module M, we put V =L and O =
{{X,Y} | X, Y € Land M = X + Y'}. The resulting graph T = (£, O) is called the opposition
graph of M.

3.2. Flag complexes

The flag complex FI(T') of a graph T' is the simplicial set whose k-simplices are tuples
(xo, ..., xy) of vertices, such that for all 0 < o < v < k we have either z, = z, or {z,,z,} € E.
We have the standard Z-free chain complex C,(F1(T")) with the usual boundary operator

0o, .., wk) = > (1) (@0, &y, )

v

and the resulting homology and cohomology groups [14].

We will also use alternating chains, which are defined as follows [5]. Let Nj denote the
submodule of Cj(FI(I')) generated by all elements (zo,...,z;) with z, =z, for some p <
v, and all elements of the form (zo,...,zx) — sign(n)(Zr,, ..., Tr,) for 7 € Sym(k + 1). The
alternating chain complex is defined as the quotient chain complex given by

C.(FI(T)) = C,(FL(T'))/N..

The natural projection C,(FI(I')) — C.(FI(I')) is a chain equivalence, that is, induces an

isomorphism in homology and cohomology; see [5, VI.6]. The coset of (zg,...,zx) is denoted
by (zo,...,xx), with the relations (zo,...,zx) =0 if 2, = z,, for some pu < v, and
(Toy .oy Ty = SIGN(T)(Xrg s« - o s Ty )-

3.3. Equivariant cohomology

The unitary group U(M) acts in a natural way on the opposition graph and its flag complex.
In general, when a group G acts (from the left, say) on a chain complex C., then we may
consider the equivariant homology of C\, which is defined as follows. If P, — Z is a projective
resolution of G’ over Z, then the equivariant homology HE(C.,) is defined as the total homology
of the double complex P, ®¢ Ci; see [2, Chapter VIL5]. The two canonical filtrations on the
double complex yield two spectral sequences 'E and "E converging to HE(C,) and the first one
has on its second page

By = Hp(G; Hy(CL)).

If C, is acyclic (for example, if C, = Z is concentrated in dimension 0), then 'E collapses on
the second page, and there is a natural isomorphism HE(C,) = H.(G).

Similar remarks hold for cohomology; here, one looks at the double complex Homg (Py, C*).
Note also that if ¢: Cy, — A is a G-invariant cochain (thus G acts trivially on the coefficient
module A) and if n : P, — Z is the augmentation map, then ¢ may be viewed in a natural way

as a cochain in Homg (Px, Homz(Cy, A)) & Homy (P, ®¢ Cy, A) via

c(p® z) = n(p)e(z).

It is well known that for a complete graph (that is, for F = (‘2/)) the simplicial set F1(T") is
acyclic. The following concept is a weakening of (infinite) complete graphs.
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3.4. The star property

A (nonempty) graph I' = (V, E) has the star property if for every finite set g, . . . , z) of vertices,
there exists a vertex y that is adjacent to the x, for v =0,... k.

Note that we require that y # xg, ..., zr. A graph with the star property is obviously infinite.
Note also that the opposition graph of a hyperbolic module has by Proposition 3 the star
property if D¢ is infinite.

LEMMA 7. IfT has the star property, then FI(T") is acyclic.

Proof. 1If (zg,...,xy) is a k-simplex in Ci(FI(T')) and if y is adjacent to xq, ...,z put
y#(xo, ..., x) = (y,x0,...,xk). Suppose that ¢ is a k-cycle, that is, ¢ is a finite linear
combination of k-simplices and dc = 0. Let y be a vertex adjacent to all vertices appearing
in the simplices of ¢. Then d(y#c) = ¢ — y#9dc = ¢, and thus ¢ is a boundary. O

The geometric realization |F1(T')| of the flag complex of a graph with the star property is
in fact contractible. To see this, it suffices by Hurewicz’s Theorem to show that w1 |F1(T')| = 0;
see [26, Chapter 7.6.24 and 7.6.25]. However, from the star property, any simplicial path in
|FI(T")] is contained in a contractible subcomplex, and every path is homotopic to a simplicial
path [26, 3.6].

ProroSITION 8. If D® is infinite, then the flag complex of the opposition graph of
a —e-hermitian hyperbolic module is acyclic and its geometric realization is contractible.
Consequently, we have in equivariant homology a natural isomorphism

UM =
BIMD(FAD)) — H.(U(M))
induced by the constant map F1(I") — F1({pt}), and similarly for cohomology.

Using this natural isomorphism, we often identify these two (co)homology groups.

4. The projectivity groupoid

If X and Y are opposite Lagrangians in the hyperbolic module M, then we have canonical
isomorphisms X ® X/ =2 X @Y 2 Y @Y, such that the first isomorphism is the identity on
X and the second isomorphism is the identity on Y. In this way, we associate an isomorphism
X @ X7 —Y @Y’ to every oriented edge (X — Y) of the opposition graph T.

4.1. The projectivity groupoid

Recall that a groupoid is a small category where every arrow is an isomorphism. The
projectivity groupoid GM of M is defined as follows. The objects of GM are 2-graded vector
spaces X, with X; = X and X_; = X/, where X € £ is a Lagrangian. To each oriented edge
(X —Y) we associate an isomorphism [Y; X| : X. — Y_, of degree —1, the composite [X,Y]
of which is given by

V:X]:X&X' "> Xey —vav’

These maps generate the morphisms of GM. We note that each object X, in G carries a natural
structure of a hyperbolic module with —e-hermitian form hx, and that the morphisms preserve
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this structure. Furthermore
[(X;Y][Y; X] = idx.,

and hence a morphism along a simplicial path depends only on the homotopy class of the path
in T (that is, we have a natural transformation from the fundamental groupoid mI' to GM).
Finally, we note that GM is in a natural way 2-graded: the paths of even length induce maps
of degree 1, and the paths of odd length maps of degree —1.

4.2. Now we determine the morphism corresponding to a closed path of length 3. Let
X,Y be opposite Lagrangians with bases x,y as in Subsection 2.1 and let Z = u;(Y). We
write [Z;Y; X] = [Z;Y][Y; X] and so on. Then

[Z; X5 Y(yo) = uelyy) and  [Z;X5Y](x0) = ui(x0) = X,

Now, we have

h(}’)\, ut(Yu))) =h <Y>\7YV + qutu,y> =h (}’)\7 qutu,u> .
1 1

The dual basis of y is h(—,x)”. With respect to the graded basis (y, h(—,x)”) for Y, =Y @ Y/,
* %

the morphism ¢ = [Y'; Z; X; Y] is therefore given by a block matrix of the form ¢ = P

As this matrix has to be unitary and of degree —1, and because ¢’/ = te, we obtain
(0 -t
=\t o0 )

4.3. If Ay denotes the canonical —e-hermitian form on Y, then

ho(=, =) = hy (=, ¢(=))(=¢)
t 0
0t/

represent the same isomorphism type (t) in Herm?(n), and we define

R(Z,X,Y) = ().

is the e-hermitian form h, = . We note that t/t=7t =t, therefore both blocks

Note also that this class does not depend on the basis y and that & is U(M)-invariant.
Furthermore, we have (7, X,Y) = k(X,Y, Z), where £ is the invariant from Theorem 2.6.
We shall see shortly that both invariants agree completely.

0 ¢!

44. From o~ ! = (—t 0

) we see that

R(X,Z)Y) = (—t).
Next we note that for y1,y2 € Y, we have

hy (y1,(y2)) = hx ([X; Y]yr, [X; V][V X][X; Y]ys)
= hx([X; Y]y, [X5 Y)Y, Z, X Y][Y; X][XY]ye2)
= hx([X; Y]y, [X5Y, Z, X][X; Y]ys),
whence
RY,Z,X)=k(Z,X,Y),
that is, & is invariant under cyclic permutations of the arguments. In particular, we have

kK=K
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Since k classifies by Theorem 2.6 triples of pairwise opposite Lagrangians, we have the following
sharpening of Theorem 2.6.

PROPOSITION 9. The setwise U(M)-stabilizer of a triple X,Y,Z of pairwise opposite
Lagrangians induces (at least) the cyclic group Z/3 on this set. It induces the full symmetric
group Sym(3) if and only if a’ta = —t for some a € GL,, D, where x(X,Y, Z) = (t).

5. The Maslov cocycle

We want to turn the invariant  : £&3) — Herm?(n) into a 2-cocycle for the flag complex FI(T")
of the opposition graph. Suppose that A is an abelian group and that « : Hermg(n) — A is a
map. By the properties of x derived in Subsection 4.4, we see that

c: (XY, Z) — a(k(X,Y, Z))

is a 2-cochain on the alternating chain complex Co(FI(T')), provided that we have the relation
a({—t)) = —a((t)) for all t € Herm? (n). Now we investigate under what conditions this map is
a cocycle, that is, under what conditions ¢(0(X,Y, Z, Z')) = 0, that is, when

YV, 2,7"y (X, 2,7y +(X,Y, 2"y — (X,Y, Z)) = 0.

5.1.  We fix again (X,x),(Y,y) as in Subsection 2.1. Suppose that Z = u;(Y) and Z' =
up (YY), and that X,Y, Z, Z’ are pairwise opposite. Thus we have

K(Z,X,)Y)=(t) and k(Z, X,Y)=(t).
As u; ' (Z) =Y and u; 'uy = u_;,, we obtain
w(Z',X,Z) = k(u; up (YV), X,Y) = (t' —t).

0 1
— 0

X and Y. We have w(Z) = wu(Y) = wuyw~(X) and we consider v; = wu,w ™! = ( 1 O),

—te 1
1—rte r
UpV¢ = —te 1/

whence u,w(Z) = u,v;(X) =Y for r =t~ le. Thus far we have achieved

ww(Y)=X and ww(Z)=Y.

It remains to determine x(Z',Y, 7). Let w = < ) Then w is unitary and interchanges

Then we have

We seek ¢ such that u (V) = w,w(Z') = wpwup (Y), or Y = w,—prwuy (V). Now we have

C (1 e tN[(0 1\ [(t—r)e 14 —r)te
Ur—trWly = 1 — —t'e) — —t'e ’

whence 1 = (r — t")t'e, which gives ¢/ =r — ' '¢

w(Z'Y,Z) = h(up (Y), X,Y) = (t=7 —¢'=7).

(t71 —#~1)e, and thus we have

Plugging this into the boundary formula, we have the next result.

PROPOSITION 10. Let A be an abelian group. A function « : Herm? (n) — A determines a
U(M)-invariant 2-cocycle ¢ on the alternating 2-chains of FI(T') if and only if the following
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two relations hold for all v, s,t € HermZ(n):

r+s=0 implies a(r) + af
r+s+t=0 implies a{r) + a(s) +

»
<
I
e o

Recall that the Grothendieck-Witt group KU (D, J) of hermitian forms is defined as the
abelian group completion of the commutative monoid consisting of the isomorphism classes of
nondegenerate e-hermitian forms [23, p. 239]. The Witt group W¢(D, J) is the factor group
of KU§(D,J) by the subgroup generated by the e-hermitian hyperbolic modules. We let [¢]
denote the image of (t) in KU§(D,J) and W¢(D, J).

THEOREM 11. Let a(t) = [t] € We(D, J). Then « satisfies the two conditions of Proposi-
tion 10 and therefore

m: (X,Y, Z) — [5(X,Y, Z)]

defines a W¢(D, J)-valued U(M)-invariant 2-cocycle on the alternating chain complex
Co(FI(T)).

Proof. 'We proceed similar to [21, Proposition 1.2] and use the fact that metabolic forms
vanish in the Witt group We(D, .J), see [23, 7.3.7], and that a 2k-dimensional nondegenerate
hermitian form is metabolic if it admits a totally isotropic subspace of dimension k.

For the 2n-dimensional e-hermitian form (r) @ (—r), the vectors (z,z), with € D™, span
an n-dimensional totally isotropic subspace, and thus this form is metabolic and [r] + [-r] = 0.

Similarly we find for 7 + s + ¢ = 0 and the 4n-dimensional form () ® (s) @ (t) ® (—r/ — s7)
that the vectors (z,z,z,0) and (r~7z,s~/x,0,x), with € D™, span a totally isotropic 2n-
dimensional subspace, and thus this form is also metabolic and [r] + [s] + [t] + [-r/ — s7] = 0.

5.2. The Maslov cocycle
We call the We(D, J)-valued cocycle
m: (X,Y,Z) — [k(X,Y, Z)]

(and the corresponding cocycle for the equivariant homology of FI(T')) the Maslov cocycle.

6. Naturality of the Maslov cocycle

We now study naturality of the Maslov cocycle under restriction maps. There are two obvious
types, coming from field and from vector space inclusions. We start with field inclusions, which
are easier.

6.1. Extension of scalars

Suppose that D and E are division rings with involutions J and K, respectively, and that
¢ : D — FEis a homomorphism commuting with these involutions. If M is a hyperbolic module
over D, then M ®, E is hyperbolic over IJ. The map sending a Lagrangian X C M to
X ®, E induces an injection L(M) — L(M ®, E) and an injection I'(M) — I'(M ®,, E) on
the respective opposition graphs. There is a natural map WE : W¢(D,J) — W¢(E,K) and,
obviously, this map takes the Maslov cocycle mp of M to the Maslov cocycle mg of M @, I
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as follows:
Cy FIT(M)) — Cy FIT(M @, E)

mp mg

WD
We(D,J) —E We(E, K).

This gives the following result.

THEOREM 12. Let ¢ : (D,J) — (E, K) be a homomorphism of skew-fields with involutions
and assume that D* is infinite. Consider the natural group monomorphism

o UM) — UM @, E).

Then (WE).mp = ®*mp in the diagram

H*(U(M);W*(D, J))

H*(U(M ®, E); W¢(E, K)).

6.2. Suppose now that M; and My are hyperbolic modules (both over D) with
corresponding sets L1, Lo of Lagrangians. Then their direct sum M = M; & M, is in a natural
way a hyperbolic module. There is an obvious map

U(M,;) — U(M)

and the question is what happens with the Maslov cocycle under this map. The problem is that
the opposition graph I'y of M; is not a subgraph of the opposition graph I' of M. However,
there is a natural subgraph of I' that projects U(M;)-equivariantly onto I'y and that yields a
good comparison map. The construction is as follows.

If X; € M; and Xy C M, are Lagrangians, then X; & X5 is Lagrangian in M, and thus we
have a natural injection £ x Lo — L. Moreover, X1 @& X5 is opposite Y7 @ Y5 in M if and only
if X, is opposite Y, for v = 1,2. This leads us to the following notion.

DEFINITION 13. The categorical product I'y x 'y of two graphs has Vi x V5 as its set of
vertices and (z1,x1) and (y1,y2) are adjacent if and only if {x1,y1} € Ey and {z2,y2} € Fs.
There are natural maps I'y « I'y x 'y — I'y with the usual universal properties.

The next result is immediate.

LEMMA 14. The categorical product of two graphs having the star property has again the
star property. In particular, its flag complex is acyclic.

Note that the categorical product of the graph consisting of one single edge with itself is not

even connected:
[ ]
i X o—e — ><
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The fact that y # zg, ...,z in the star property is crucial for the lemma.
6.3. Thus far we have for v = 1,2 a diagram of U(M)-equivariant maps
FI(I'y)
yo)
S

FI(I'2)

and if D® is infinite, these three complexes are acyclic. Next we note that if we have a triangle
(X1 X, Y1®Y5,Z1 @ Zp) in 'y x 'y and if we choose bases x1,X2,¥y1,y2 for X7, Xa, Y7, Yo,
then

K(X1® X, Y1 ® Yo, Z1 @ Z1)] = [t1 @ ta] = [ta] + [ta],

with x(X,,Y,,Z,) = (t,). Thus we have a commutative diagram

Gy FI(TY) 2% 6, FIT,) @ o FITy) PP G0 pyr, 5 1)

mi + mo
/)71

We(D, J).
that yields in cohomology:
HIQJ(Ml)(FI(Fl)) ~— lej(Ml)(Fl(Fl)) & HIZJ(Ml)(Fl(FQ» - HIZJ(MI)(FI(Fl x I'2))

[mi] < f [m1] + [ma] + > [m]

(we omit here the coefficient group W¢(D, .J)). Note that [mz] = 0 in HIQJ(MI)(FI(FQ))7 as U(My)
acts trivially on F1(T'z). Mapping to the one-point space {pt}, we see that [m;] and [m] have
the same image in H%(Ml)({pt}) = H?(U(M,)), and from

H v,y (FUT)  Hy g,y (FUTL x T2)) <= Hy,) (FUD)) <= Hy ) (FI(T))

1%
1
1%
1%

H?(U(My)) === H*(U(M))) === H*(U(M1)) ~—— H*(U(M)).

we obtain the following stability result.

THEOREM 15. Assume that D® is infinite, let My, My be hyperbolic modules and consider
M = M; ® Ms. Then the restriction map

H?(U(My); WE(D, J)) ~— H*(U(M); W(D, J))

maps the Maslov cocycle [m] for U(M) onto the Maslov cocycle [m1] for U(Mj).
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7. Reduction of the cocycle

Our next aim is to show that the Maslov cocycle can be reduced to a subgroup of the Witt
group. For this, we need a refinement of the Lagrangians and the opposition graph. We noted in
Subsection 2.3 that the Maslov cocycle is trivial in the hyperbolic orthogonal situation, where
J =id and e = —1 # 1, and hence we may disregard this case. By Subsection 1.5 there is no
loss of generality in assuming that

e=1

in the remaining cases, and we shall do this in this section.

7.1. Based Lagrangians

Let I' = (V, E) be a graph and f: X — V a map. The induced graph f*I" on X is the graph
whose vertices are the elements of X, and {z,2'} is an edge if and only if {f(x), f(z/)} is an
edge of I'. If f is surjective and if I" has the star property, then f*I" also has the star property.
In what follows, we consider the set £ of based Lagrangians, that is, pairs (X, x) where X C M
is a Lagrangian and x is a basis for X. There is a forgetful surjection F': L — £ and we let
[ = FT

denote the induced graph on this vertex set. We call T the based opposition graph. Because the
U(M)-stabilizer P induces the full group GL(X) on X, we see that U(M) acts transitively
on L. With the notation of Subsection 2.1, the stabilizer of (X, x) is the group U. The map
I' — T is equivariant, and FI(T") is acyclic if D" is infinite. In particular, we may use FI(T') to
compute the group cohomology of U(M).

We also have a based version GM of the projectivity groupoid. The objects are again the

2-graded spaces X @ X7, but now with a preferred graded basis consisting of x and the dual
basis of x. The morphisms in GM are thus given by unitary matrices.

7.2. We recalculate the Maslov cocycle in terms of the based spaces. In Subsection 4.2
we have seen that we have in terms of our standard basis x,y the matrices
0 -1 0 -1 0 —t!
1 0 10 t 0
Yoy) —————— (X x) «—= (Zowmly)) ——— (Yo y)

If we add base changes through matrices a, b, c € GL,, D for X, Y and Z and reverse the middle

arrow, we arrive at the diagram
0 ca’ 0 —bt~ et
—c a1 0 b=7te! 0

0 —ab”’
a bt 0

(Y, by) > (X, ax) > (Ze, cun(y) > (Ys,by)
(and cuy(y) = ue—sie-1(cy)). With respect to the basis by, we have
0 —bt—1b’
vizxvl= (e ).

Using invariants of these matrices, we now construct a refined cocycle.

7.3. Invariants of hermitian forms

The dimension induces a natural homomorphism dim : KU} (D, J) — Z. Since the dimension
of any hyperbolic module is even, there is an induced map W(D, J) — {£1} mapping the
class [t] to (—1)4™(®), We denote its kernel by I(D,.J); its elements are represented by even-
dimensional hermitian forms. In the quadratic case (J =id and e = 1 # —1), ID = I(D,id) is
called the fundamental ideal in the Witt ring WD = W1(D,id) (see [12, Chapter II.1]).
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Recall that the determinant is a homomorphism from GL,, D to K;(D), the abelianization
of D* = GLyD. The involution J induces an automorphism J on K;(D). We let N denote
the subgroup of Ki(D) consisting of elements of the form z”/z and put S = K;(D)/N.
Since det(g”tg) = det(g”g) det(t), we have a well-defined homomorphism [t] — det(¢)N from
KU}(D, J) to S. However, this map cannot be factored through W(D, .J). Similarly as in [12,
Chapter I1.2] we introduce therefore the abelian group

S =8 x{£1},
endowed with the commutative group law
(z, (=D)™) + (5, (=1)") = (zy(=D)™", (=1)™""),
and we define the signed discriminant as
disc(t) = (det(t)N(—1)"=1D/2 (—1)"),

where n = dim(¢). This map vanishes on hyperbolic forms and induces therefore a homomor-
phism disc : W(D, J) — S. We let II(D, J) C W1(D, J) denote the subgroup generated by all
elements [t], where dim(t) € 4Z and det(t) = 1. Obviously, II(D, J) C ker(disc).

LEMMA 16. The sequence
0— II(D,J) —> WD, J) — §

is exact.

Proof. Let [t] be a form in the kernel of disc. Then dim(t¢) is even and we distinguish
two cases. If dim(¢) = 4, then det(t) = 272 € N. Choose g € GL,,D with det(g) = 27!, then
det(g7tg) = 1 and [t] = [¢'tg] € II(D, J). For dim(t) = 4¢ + 2 we have det(t) = —2’z and we

0 _1). Then det(t @ h) = 2”/x. By the

consider the 4¢ 4 4-dimensional form ¢ @ h, for h = 1 0

previous remark, [t ® h] = [t] € II(D, J).

In the quadratic case, II(D, J) is the square I? D of the fundamental ideal [12, Chapter IT, 2.1]

74. We define an S-valued equivariant 1-cochain f on C‘lFl(f) by
F((X,ax), (Y, by)) = (det(—ab”) (=1)"""D/2N, (1)) € S,
where the notation is as in Subsection 7.2. Note that this is indeed an alternating cochain:
(det(9)N, (—1)") + (det(—g”)N, (=1)") = (det(—gg”)(=1)" N, (=1)>") = (N, 1).
Then df = f0 is an S-valued 2-coboundary, and we have

df ((Z, cui(y)), (X, ax)), (Y, by)) = f((X, ax), (Y, by))) — f((Z, cury), (Y, by)))
+ f{Z, cu(y)) (X, ax)))
= (det(—ab”)(=1)""=D/2N (1))
+ (det(—bt~te!)(=1)" D2 N (—1)™)
+ (det(ca”)(=1)"=D/2 N (—1)™)
= (det(aa’bb” cc’t)(=1)"" V2N (—1)™)
= (det(t)(=1)" V2N, (=1)"),
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whence
disc, m+df =0,

where disc, denotes the coefficient homomorphism induced by disc : wWi(D,J)— S. Conse-
quently, the image of m vanishes in H?(U(M); S).

7.5. Recall that EU(M) C U(M) is the invariant subgroup generated by the Eich-
ler transformations. This group is perfect if D! is infinite [6, 6.3.15] and consequently
H'(EU(M); A) = Hom(EU(M), A) =0 for any coefficient group A with trivial EU(M)-
action. We consider Sy = disc(W1(D,J)) C S. The long exact cohomology sequences for the
coefficient maps

0 - Sy > S > S§/5) —— 1

0——— II(D,J) — W'D, J) - S -~ 0
yield therefore monomorphisms
0 H2(EU(M); Sp)

H*(EU(M); 5)

0 H*(EU(M);II(D,J)) — H*(EU(M);WY(D,.J)).
This gives us the next Theorem. To keep the notation simple, we denote the restriction of
m to the subgroup EU(M) also by m.

THEOREM 17. Assume that ¢ = 1 and that D' is infinite. There exists a unique cohomology
class [m] € H2(EU(M); II(D,J)) that maps under the coefficient homomorphism II (D, J) —
WY(D,J) onto [m]. We call this class the reduced Maslov cocycle.

Proof. As we have proved in Subsection 7.4, we see that disc.[m]+[df]=0 in
H?(EU(M); S), whence disc,[m] = 0 in H2(EU(M); Sp). Therefore [m] has a preimage [m] in
H2(EU(M); II(D, J)). The map H2(EU(M); II(D, J)) — H*(EU(M); W(D, J)) is injective,
and so the preimage is unique. |

7.6.  In the symplectic situation (J,¢) = (id, 1) it is possible to give an explicit formula
for the reduced cocycle m. Then S = Sy and EU(M) = U(M) = Sp,,, D and we can directly
define a W*(D, J)-valued 1-cochain on F1(T') by

F(X,ax), (Y,by)) = (det(—ab),1,...,1),

where the right-hand side denotes as usual the n-dimensional symmetric bilinear form with the
given entries on the diagonal. Under the map p : FI(I') — FI(I'), this is a lift of f and we have
disc, df = p*df. Thus

m=pm+df

is the reduced Maslov cocycle on FI(T') in the symplectic case. Explicitly, it reads as
m((X, ax), (Y,by), (Z, cuy)) = (det(—abd), 1,...,1) + (det(ca),1,...,1)
+ (det(=bte), 1,...,1) — (¢).

8. Kashiwara’s Maslov cocycle

In the symplectic situation over a field D of characteristic not equal to 2, the Maslov index is
classically defined through a different quadratic form [13]. (A variant is used in [21], while a
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topological generalization for bounded symmetric domains of tube type is given in [18]. See
[3] for a survey of topological Maslov indices.)

8.1. Kashiwara’s Maslov index

Let D be a field of characteristic not equal to 2. We assume that we are in the symplectic
situation ¢ = 1, J = id. Given three Lagrangian X,Y, Z (not necessarily pairwise opposite), we
consider the following 3n-dimensional quadratic from ¢x,y,z on the direct sum X @Y @ Z as
follows:

qX,Y,Z(xa ZJ»Z) = h(x,y) + h(y,Z) + h(Z,.’E)

If the Lagrangians are not pairwise opposite, then the quadratic form is going to have a radical.
The Kashiwara—Maslov index of (X, Y, Z) is the class in the Witt group WD that is represented
by the nondegenerate part q}’x 7 of gx vz

For D =R, the Witt group WR is isomorphic to Z via the signature and the Maslov index
can directly be defined as the signature of gx y,z (even if the form is degenerate). This is
essentially Kashiwara’s definition of the symplectic Maslov index as developed in [13, 1.5.1].

If X, Y, Z are pairwise opposite, then we find that with respect to our standard basis x,y, u;y
for X &Y & Z the quadratic form is represented by the matrix

0 -1 0
gxyv,z=10 0 ¢t
1 0 O

We note that X @Y &0 is a hyperbolic submodule in X &Y & Z whose orthogonal com-
plement is spanned by vectors of the form (¢z,z,z) € D3". The restriction of ¢x,y,z to this
subspace is given by z — (27tz), and thus gxy,z = ¢% y , is represented by [t] in WD. This
is our first result. o

PropoSITION 18.  If X, Y, Z are pairwise opposite Lagrangians, then the Kashiwara—Maslov
index of (X,Y, Z) agrees with the image [t] of (t) = k(X,Y, Z) in the Witt group WD.

Next we get to Kashiwara’s Maslov cocycle, which is defined as follows. We fix a Lagrangian
Xo € £ and define 7 : Sp,,, D X Spy,, D — WD via

7(g,h) = <qj(o,g(Xo),gh(X0)>'

We want to relate this group cocycle to our Maslov cocycle defined in terms of the flag complex
of the opposition graph.

8.2. Recall the bar notation [2, 1.5] for the standard free resolution of a group G over Z.
Its chain complex is given as

F, =z7G"t!

and the generator (1,g1,9192,919293,---,91 - gn) ® 1 € F,, ®c Z is denoted by [g1]-...-
|gn]. Then 7 can be viewed as the WD-valued 2-cochain [g|h] — 7(g,h) for G = Sp,,, D and
one can verify the cocycle identity [13, 1.5.8].

In general, suppose that X is a set on which a group G acts, and that ¢: X x X x X — Ais
a G-invariant map taking values in an abelian group A, such that c satisfies the cocycle identity
c(x,y,z) — c(w,y,z) + c(w,x, z) — c(w,x,y) = 0. If we choose a base point o € X, then it is not
difficult to see that the cocycle (g1, g2, g3) — ¢(g1(0), g2(0), g3(0)) defined on the standard free
resolution F of G over Z and the cocycle g ® (z,y, z) — c(x,y, z) defined on Fy ®¢ Cy C Fi ®a
C. are homologous (C, is the standard complex of k + 1-tuples of elements of X). However,
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we cannot use this directly to compare our Maslov cocycle with its classical counterpart, since
our cocycle is defined only on special triples of Lagrangians. We need to refine this idea using
some elementary homological algebra. We do this in general, as we need it also in the next
section.

8.3. Let I' = (V, E) be a graph with the star property. Suppose that G is a group acting
transitively on the vertices of I'. Let o € V' be a base point and consider the induced graph I'g
on G under the map G — V, g — g(0) and its flag complex given by

F' = C,FI(I'¢) C F.,.

Obviously, this chain complex is a free resolution of G over Z and a subcomplex of the standard
free resolution F, of GG. Both chain complexes F, and F. can be used to determine the group
(co)homology of G.

Suppose now that ¢: CoF1(I') — A is a G-invariant cocycle. Then we can construct two
2-cocycles for G, one via

¢: (90791792) — 0(90(0)791(0)792(0>)
on F) ®¢ Z, and the other via

c:g®(v,y,z) — c(x,y,2)

on F| ®q CoF(T) C F, ®¢ CoFI(T). Our first aim is to prove that both cocycles are homolo-
gous. We consider C, = C,FI(T') and we call a generator (go,-..,gm) ® (o, ...,2n) € F/, Qc
C,, admissible if {go(0),...,gm(0),xg,...,2,} consists of pairwise adjacent elements in T.
This is a well-defined notion, that is, invariant under the left diagonal action of G. Let
D, C F ®¢g C, denote the submodule generated by the admissible elements. We note that
this submodule is Z-free and closed under the vertical and horizontal differentials, and so it is
a double complex.

LEMMA 19. The inclusion D,, — F! ®q C, induces an isomorphism in homology and
cohomology (for coefficient groups with trivial G-action).

Proof. 'We show that the relative homology groups of the pair (F, ®¢ Ck, D..) vanish. Let

2 € D,y inei Fin @c Cn be a relative k-cycle and let 2 € @, ,,,_;, I, ®z Cp, be an element
that maps onto z. We choose a group element j such that for all terms (gg,...,gm)®
(zo,...,2z,) appearing in Z, the vertex j(o) is adjacent to go(0),...,gm(0),zq,. .,z (this

is a well-defined condition as we work with Z € ,,,,,_ I, ®z Cy, where the G-action is
not factored out). Consider the k+ 1-chain j#Z, whose (m + 1,n)-terms are of the form
(Js90s -+, 9m) @ (zo, ..., x,). The total differential is

O(j#2z) = z — j#(02).
Projecting this equation back to F), ®g C),, we see that the image of j#09% is in D41 .. Thus
z is a relative boundary and H,(F] ®¢g Cy, Dyi) = 0. From the long exact homology sequence
we get an isomorphism H,(D,,) — H,(F. ®g C.). Since both F! @¢ C, and D, are Z-free,
the universal coefficient theorems and the 5-Lemma yield isomorphisms for homology and

cohomology with arbitrary coefficient groups A (with trivial G-action); see [26, 5.3.15, 5.5.3].
Ul

The remaining part of the comparison is routine. We denote elements of G by g, h,i and
vertices of I by u, v, w. We define two 1-cochains f1, fo on D, by

fi((g) ® (u,v)) = c(g(0),u,v) and  fa((g,h) @ (u)) = c(g(0), h(0), u),
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where ¢ is the given G-invariant 2-cocycle on F1(T'). Then df, = f,0 and using the cocycle
identity for ¢, we obtain

dfi((9) ® (u, v,w)) = (e(g(0), v, w) = c(g(0), u, w) + c(g(0), u, v)

= c(u,v,w)

df1((g, h) ® (u,v)) = c(h(0),u,v) — c(g(0), u,v)

df2((g, h) ® (u,v)) = —c(g(0), h(0),v) + c(g(0), h(0), u)
= df1((h,i) ® (2,9))

df2((g, h,i) @ (u)) = c(h(0),i(0),u) — c(g(0),i(0), u) + c(g(0), h(0), u)
= ¢(g(0), h(0),i(0)),

which shows that
dfy —dfs =c—¢.

THEOREM 20. Let G be a group acting vertex-transitively on a graph I' having the star
property, and let ¢ : Co(F1(T")) — A be a G-invariant A-valued 2-cocycle (where G acts trivially
on A). Fix a vertex o of I' and let F C F, and C, be as in Subsection 8.3. Then the cocycles

¢: F2/ ®a 7L — Aa (g0791792) ®1lr— C(go(O),gl(O),gg(O))
and
c: FO Rda C? - Av g® (l',y,Z) — C(l'7y,Z)
are homologous under the isomorphism
H2(G; A) — H2(C.; A).

Moreover, there exists a cocycle ¢ : Fo ®a Z — A extending ¢, i.e. ¢ = ¢|pr.

*

Proof. Only the last claim remains to be proved. Since the inclusion F. C F, induces an
isomorphism in cohomology, we find a cocycle ¢ on F, ®¢ Z such that é — é| Flogz = da is a
coboundary. Now F! ®@¢ Z is a direct summand in the Z-free module F, ®¢ Z, and thus we
can extend a to a 1-cochain @ on F, ®¢ Z. Then (¢ + da)|rr@qz = ¢ O

COROLLARY 21. For a field D of characteristic not equal to 2, Kashiwara’s Maslov cocycle
and our Maslov cocycle yield the same cohomology class in H?(Sp,,, D; WD).

We obtain also the following general result for unitary groups over arbitrary skew-fields.

COROLLARY 22. If D¢? is infinite and o € L is a fixed Lagrangian, then there exists a group
cocycle T : U(M) x U(M) — WY(D,J) such that

7(g,h) = (x(0, 9(0), gh(0)))

holds for all pairs g, h with o, g(0), gh(o) pairwise opposite.

9. The Maslov cocycle as a central extension

The reduced Maslov cocycle defines a central extension [2, IV.3; 6, 1.4C|
1 — II(D,J) —» EU(M) — EUM) — 1
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of EU(M) by II(D, J). This extension is uniquely determined by the homomorphism

[m] € H*(EU(M); II(D, J)) = Hom(Hy(EU(M)), II(D, J));
our aim is to determine this homomorphism Ho(EU(M)) — II(D, J) algebraically. In view of
the naturality that we proved in Section 6, we begin with the smallest case Sp, D = SLa D,
where D is an infinite field. We do allow fields of characteristic 2, as we rely on the results
in [15, 17] which are valid over arbitrary (infinite) fields. Note, however, that in our setup

the Witt group W(D,id) is always the Witt group of symmetric bilinear forms (and not of
quadratic forms).

9.1. The Schur multiplier of SLs D and the Steinberg cocycle

(1t _(r 0 b — 0 r
“=lo 1) = \o TTA\-rt oo

Since SLy D is a two-transitive group, every element is either of the form a,u; or of the form
usbru;. We define K'Spy D as the abelian group generated by symbols {z,y}, for z,y € D*,
(the symplectic Steinberg symbols), subject to the relations:
{st,r} + {s,t} = {s,tr} + {t,r},

{Sv ]-} = {178} =0,

{s.t} ={t7",s},

{s,t} = {s, —st},

{s,t} ={s,(1 —s)t} ifs#1.
According to [15, 5.11; 17, p. 199] the Schur multiplier of SLy D is Hy(SLy D) 22 KSp, D.

Moreover, the Steinberg normal form of the universal group cocycle

Stbg : SL2 D x SL2 D — HQ(SLQ D)

We consider

is given for ‘generic’ group elements by

t T1

stbg(g(s1,71,t1), g(s2,72,t2)) = { —} —{=r1,—ra},

7‘17“2, T2

where t = t1 + so # 0 and g(s,7,t) = usbyuy; cf. [11, 15, 5.12; 17, p. 198 (1)] in a more special
situation. We note that the formula given in [17, p. 198 (1)] is incorrect. The formula above is
due to Schwarze [24, 5.9] and agrees with Matsumoto’s calculations.

9.2.  Given z,y € D, we denote by (x,y)p the 4-dimensional symmetric bilinear form:

('ray)D = <17 -z, _yvxy>'

If char(D) # 2, then this is the norm form of the quaternion algebra (%) (see [23, 2.§11]).
Obviously, (z,y)p € II(D,id), and (z,y)p = (y,z)p = (v22,y)p. Using the fact that the
metabolic form (z,—x) vanishes in W'(D,id), it is routine to verify that these elements
satisfy the first four defining relations of KSp, D; for example (s, —st)p = (1, —s, st, —s*t) =
(1, —s, st,—t) = (s,t) p. For the last relation, it suffices to check that (—t, st) = (—(1 — s)¢t, (1 —
s)st) for s # 1. This follows from

1 1\ /=t 0\ /1 s\ [—(1—s)t 0
s 1 0 st)\1 1) 0 (1—s)st
Thus we have a homomorphism

R : KSpy(D) — II(D,id) C W'(D,id),



A MASLOV COCYCLE FOR UNITARY GROUPS 111

which maps the symplectic Steinberg symbol {u,v} to the 4-dimensional symmetric bilinear
form R({u,v}) = (u,v)p.

Applying R to the Steinberg cocycle, for ‘generic’ group elements (with the same notation
as before), we obtain

t r
o sthgla(or, . t)asn o) = (25 =T = (cnraln
rir2 T2/ p
= (rmraot,rire)p — (—=7r1,—72)D
r172, ) (*7’1, *7’2)D

r1rg, —t, =17ty — (1,71, 72, 7172)

19, —t, —rire,t, =1, =11, =19, —T1T2)

(=
= (L
(1
(=

= t —7’17"2t —7"1,—’)"2> <t,7’17"2t,7"177’2>.
9.3. We compare this expression with the reduced Maslov cocycle. In M = D? we consider
x = (}), X =xD and o= (X,x). Using the notation of Subsection 8.4, we have for F} the
formula

7(91,92) = 7([91192]) = M(0, g1(0), g192(0)),
where three vertices o, g1(0), g1g2(0) have to be pairwise opposite. For the first pair of vertices,
this condition gives g1 = us, by, us,, and for the second pair go = us,b,,us,. Then we have
7([911g2]) = m(0, 91(0), 9192(0))

=m(g; ' (0),0,92(0))

= —m(0,97 ' (0), 92(0))
= _rAﬁ(Oa g(_tlv -T2, _81)( )’ 9(82? T2, tQ)(O))
—rT’](o’ u-hb—ﬁ (O) Usy Tz( ))

= —rT’](O, bor, (0)7 Uty +55br, (0))7
which yields the additional condition ¢ =t; + so # 0 that ensures that the first and third
vertices are opposite. Note that by Subsection 8.3 the class of any 2-cocycle is completely
determined by its values on Fj, and hence it suffices indeed to work with ‘generic’ elements.

The explicit formula in Subsection 7.6 for the reduced Maslov cocycle now yieldsa =1, b =7 !
and ¢ = —r5 !, whence

7(lg1lg2]) = —(t, 71,72, 1172t) = R. stbg([g1]g2])-

For SLs D over fields of characteristic not equal to 2, the following result was proved in [1, 19;
Section 5].

THEOREM 23. Let D be an infinite field. The central extension of Sp,,, D determined by
the reduced Maslov cocycle is given by the homomorphism R : KSpy, D — II(D,id).

Proof. For n =1 we have shown this in Subsection 9.3. In general, the standard inclusion
Sp,y, D “—— Sp,,, ;2 D induces for all n > 1 an isomorphism in 2-dimensional homology such
that the universal Steinberg cocycle for Spy,, o D restricts to the universal Steinberg cocycle
for Spy,, D (see [15, 5.11]). The result now follows by induction on n. O

For fields of characteristic not equal to 2, this is stated in [21, 3.1]. However, the proof has
a gap: the authors evaluate the reduced Maslov cocycle on the torus (the diagonal matrices)
and compare it there with the universal Steinberg cocycle. However, they fail to show that the
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reduced Maslov cocycle is a Steinberg cocycle, and therefore they cannot use the comparison
theorem [15, 5.10].

In any case, this result settles the situation for symplectic groups over infinite fields of
arbitrary characteristic. Note that | for fields of characteristic not equal to 2, the map R is
surjective [23, 4.5.5], and thus Sp,,, D is an epimorphic image of the universal central extension.

9.4. Local fields

By a local field we mean a locally compact (nondiscrete) field; the connected local fields are
R, C and the totally disconnected ones are the finite extensions of the p-adic fields Q, and, in
positive characteristic, the fields F,((X)) of formal Laurent series over finite fields [29, 1.3].
Being a closed subgroup of the general linear group, a symplectic or unitary group over a local
field is in a natural way a locally compact group.

9.5. The Maslov cocycle over R

For D = R, the Witt group WR = W1(R, id) is isomorphic to Z via the signature sig : WR — Z
(see [23, 2.4.8]); the fundamental ideal IR has index 2, and IIR = I°R has index 4. We note that

. 4 ifz,y<0
sig((#,9)p) = {0 o

Bl\[l& p. 51; 17, 10.4]; this 4Z-valued cocycle yields precisely the universal covering group
Sp,,, R of Sp,,, R.

We compare the relevant classifying spaces. Let BSp,,, R? denote the classifying space for
Sp,, R, viewed as a discrete topological group and let BSp,,, R be the classifying space for the
Lie group Sp,,, R; the latter is homotopy equivalent to BU(n), as U(n) C Sp,,, R is from |7,
X, Table V] and Iwasawa’s theorem [7, VI, § 2] a homotopy equivalence. The classifying space
BSp,,, R% is an Eilenberg-MacLane space of type K (Sp,,, R, 1) whose cohomology is naturally
isomorphic to the abstract group cohomology of Sp,,, R (see [2, I1.4]). The identity map from
the discrete group to the Lie group induces a continuous map between the classifying spaces

F : BSp,, R® — BSp,, R.

On the right, the universal covering is classified by the first Chern class ¢;. This shows that
under the forgetful map F* the first universal Chern class ¢; € H%(BSU(n)) & H?(BSp,, R)
pulls back to the Maslov cocycle as follows:

F(c1) = [m]

(if the sign for the Chern classes is chosen appropriately). The real Maslov cocycle may be
viewed therefore as a combinatorial description of the first Chern class; this was observed
in [28].

PROPOSITION 24. Under the forgetful functor from topological groups to abstract groups,
the first Chern class for Sp,,, R maps to the reduced Maslov cocycle.

As II(C,id) = 0 the Maslov cocycle for Sp,,, C vanishes. Now we turn to nonarchimedean
local fields; cf. [13, p. 104-115].

9.6. We assume that D is a nonarchimedean and nondyadic local field (that is, the
characteristic of the residue field of D is not equal to 2). The Witt group WD has 16 elements,
the group S of extended square classes 8, and thus II(D,id) = I?D is cyclic of order 2 (see
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[12, VI.2.2]). Its nontrivial element is represented by the norm form of the unique quaternion
division algebra over D. Let S denote the group of square classes of D and let

(—,—)HZSXSH {il}

be the Hilbert symbol [12; p. 159]: (x,y)g = —1 if (x,y)p is anisotropic, that is, the norm
form of a quaternion division algebra. Consider e : 2D —— {+£1}, then we clearly have

eo Rostbg(z,y) = (z,y)n

for SLo D. Thus the reduced Maslov cocycle for SLo D is the reduction of the universal cocycle
stbg to {£1} via the Hilbert symbol. As in the proof of Theorem 24, this carries over to Sp,,, D.
The following result is partially contained in [13, pp. 104-115].

PROPOSITION 25. Let D be a nonarchimedean nondyadic local field. The reduced Maslov
cocycle defines a twofold nontrivial covering of Sp,,, D t@t\is determined by the Hilbert symbol
KSpy, D — {£1}. The corresponding covering group Sp,,, D is a locally compact group; it is
the unique nontrivial twofold covering of Sp,,, D in the category of locally compact groups.

Proof. Ouly the topological result remains to be proved. It is shown in [17, 10.4] Lh&t/ in the
category of locally compact groups, Sp,,, D admits a universal central extension Sp,,, D; the
extending group is the group u(D) of all roots of unity in D. (See [22] for a modern account
and a much more general result.) This group p(D) is a finite cyclic group [17, Ch. II] and of
even order 2n, as it contains the involution —1. The corresponding Steinberg cocycle is given
by the norm residue symbol KSp, D — (D) (see [17, Chapter IT]). However, the nth power
of the norm residue symbol is the Hilbert symbol. This shows that Sp,, D is a continuous
quotient of Sp,,, D. As the cyclic group u(D) has a unique subgroup of index 2, the extension
is the unique nonsplit twofold topological extension. [

9.7. Finally, we consider unitary groups over fields. We assume that E is a field with an
automorphism J # id of order 2; the fixed field is D C E. We denote the hyperbolic unitary
group by Uy, F; then EUy,, F = SU,y, E = Uy, E N SLy,, E (see [6, 6.4.25,6.4.27]). As we have
noted in Section 6, there is a natural injection ® : Sp,, D —— SUsy, F and we have a
commutative diagram as follows:

*

H2(8p2n D) H2(SU2n E)
[mD] [FTWE]
D
II(D,id) E II(E,.J).

Unfortunately, the Schur multiplier Hy(SUs,, E) seems to be less understood than its symplectic
counterpart. However it is proved in [4, 2.1, 2.5] (and in a weaker form in [6, 6.5.12]) that the
map P, is surjective, and thus Hy(SUsy, E) is a quotient of KSp,D. (Here SUy, E is the group
of D-points of a quasisplit absolutely simple and simply connected algebraic group over D, and
hence the results from [4] apply.)

The following facts concerning W£ were kindly pointed out by W. Scharlau. First, the map

wE - wYD,id) — WYE,J)

is an epimorphism, because every hermitian form can be diagonalized (even in characteristic
2, see [9, 1.6.2.4]) and thus is the image of a diagonal symmetric bilinear form over D.
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Assume now that char(D) # 2 and E = D(V/9). Passing from a hermitian form h over E
to its trace form by, over D (see [23, p. 348]), we have an monomorphism trf : W(E, J) —
W1(D,id) = WD; explicitly, we hence

trf{ay, ..., an) = (1, =0) @ (a1, ..., a,).

In particular, trf o W2 ((z,y)p) = (1,—0) ® (1, —z) ® (1, —y), and WL (I2D) is isomorphic to
a subgroup of I°D.

It follows that the Maslov cocycle for the unitary group over a nonarchimedean nondyadic
local field E vanishes, because I3D = 0 (see [12, V1.2.15(3)]). The case of the complex numbers
is more interesting.

9.8. Complex unitary groups

For E/D = C/R the map W& : WR — W'(C, ") and its restriction IR — II(C, ") is an
isomorphism. We use the standard Lie group notation SU,,C = SU(n,n) (see [7]) (note that
multiplication by ¢ transforms skew-hermitian into hermitian matrices). The maximal compact
subgroup is S(U(n) x U(n)). As in Subsection 9.5 we compare the classifying space for the
discrete group (whose homology is the abstract group homology) with the classifying space
BSU(n,n) for the Lie group. For n =1 we have an isomorphism Sp, R = SU, C, whence a
big commutative diagram

F,

Hy(Sp,R) Hy(SU(1,1)) » Hy(BSU(1,1))
/)’%/ A%O/ o <
N
PR —2 - II(C,") %iig N/
& & 7
Hg(s;% R) HQ(S[}(n,n)) £ - Hg(BSI'J(n,n)).

ProrosiTION 26. If we identify the first Chern class c¢; with the generator of
H?(BSU(n,n)), jt/p&]ls under the forgetful map F' back to the reduced Maslov cocycle for

SU(n,n). Thus SU(n,n) is the universal covering group of the Lie group SU(n,n).

9.9.  Sharpe [25] (see also 6 5.6D*]) has constructed an exact sequence:
Ky(D) — KUy, (D,J) — L{(D,J) — 0
The L-group L§(D,J) maps onto II(D,J) and we conjecture that the composite
KUy, Y(D,J) — II(D,J)

‘is” (in most cases) the reduced Maslov cocycle m : Ho(EU(M)) — II(D, J). In the symplectic
situation over fields of characteristic not equal to 2, this is indeed the case by Theorem 23 and
[6, 5.6.8]. However, a proof would certainly require a different description of the relevant maps
than the one in [25].



N =

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

25.

26.
27.

28.

29.

A MASLOV COCYCLE FOR UNITARY GROUPS 115

References

J. BARGE, ‘Cocycle d’Euler et Ko’, K-Theory 7 (1993) 9-16. MR1220423 (94d:19003).

K. S. BRowN, Cohomology of groups (Springer, New York 1994) MR1324339 (96a:20072) Corrected reprint
of the 1982 original.

S. E. CapPELL, R. LEE and E. Y. MILLER, ‘On the Maslov index’, Comm. Pure Appl. Math. 47 (1994)
121-186. MR1263126 (95f:57045).

V. V. DEODHAR, ‘On central extensions of rational points of algebraic groups’, Amer. J. Math. 100 (1978)
303-386. MR489962 (80c:20058).

. S. EILENBERG and N. STEENROD, Foundations of algebraic topology (Princeton University Press, Princeton,
NJ, 1952). MR0050886 (14,398b).

A. J. HanN and O. T. O’MEARA, The classical groups and K-theory, (Springer, Berlin, 1989). MR1007302
(90i:20002).

S. HELGASON, Differential geometry, Lie groups, and symmetric spaces (American Mathematical Society,
Providence, RI, 2001). MR1834454 (2002b:53081) Corrected reprint of the 1978 original.

N. KNARR, ‘Projectivities of generalized polygons’, Ars Combin. 25 (1988) 265-275. MR0942482
(89e:20008).

M.-A. Knus, Quadratic and Hermitian forms over rings (Springer, Berlin, 1991) MR1096299 (92i:11039).
. L. KRAMER, ‘Buildings and classical groups’, Tits buildings and the model theory of groups, Wiirzburg,
2000, (Cambridge University Press, Cambridge, 2002) 59-101. MR2018382 (2005b:20058).

T. KuBoTa, ‘Topological covering of SL(2) over a local field’, J. Math. Soc. Japan 19 (1967) 114-121.
MR0204422 (34 #4264).

T. Y. LaMm, Introduction to quadratic forms over fields (American Mathematical Society, Providence, RI,
2005) MR2104929 (2005h:11075).

G. LioN and M. VERGNE, The Weil representation, Maslov index and theta series, Progress in Mathematics,
6 (Birkh#user, Boston, MA) 1980. MR0573448 (81j:58075).

S. Mac LANE, Homology (Springer, Berlin, 1995) MR1344215 (96d:18001) Reprint of the 1975 edition.
H. MATSUMOTO, Sur les sous-groupes arithmétiques des groupes semi-simples déployés’, Ann. Sci. Ecole
Norm. Sup. (4) 2 (1969) 1-62. MR0240214 (39 #1566).

A. MAzzOLENI, ‘Partially defined cocycles and the Maslov index for a local ring’, Ann. Inst. Fourier
(Grenoble) 54 (2004) 875-885. MR2111015 (2005h:20119). )

C. C. MOORE, ‘Group extensions of p-adic and adelic linear groups’, Publ. Math. Inst. Hautes Etudes Sci.
35 (1968) 157-222. MR0244258 (39 #5575).

K.-H. NEEB and B. ORSTED, ‘A topological Maslov index for 3-graded Lie groups’, J. Funct. Anal. 233
(2006) 426-477. MR2214583 (2007h:53127).

YA. NEKOVAR, ‘Maslov index and Clifford algebras’, Funktsional. Anal. i Prilozhen. 24 (1990) 36-44, 96
(Russian); Funct. Anal. Appl. 24 (1990) 196-204 (1991). MR1082029 (92b:11024).

M. V. Norl, ‘The universal property of the Maslov index’, J. Ramanujan Math. Soc. 13 (1998) 111-124.
MR1666437 (2000e:11039).

R. PArRIMALA, R. PREETI and R. SRIDHARAN, ‘Maslov index and a central extension of the symplectic
group’, K-Theory 19 (2000) 29-45. MR1740881 (2001c:11053a); Erratum 19 (2000) 403. MR1763935
(2001c:11053b).

G. PrasaDp, ‘Deligne’s topological central extension is universal’, Adv. Math. 181 (2004) 160-164.
MR2020658 (2004k:20097).

W. SCHARLAU, Quadratic and Hermitian forms (Springer, Berlin, 1985) MR0770063 (86k:11022).

. R. SCHWARZE, ‘Group extensions and the Maslov index’, Diploma Thesis, Bielefeld, 2008.

R. W. SHARPE, ‘On the structure of the unitary Steinberg group’, Ann. of Math. (2) 96 (1972) 444-479.
MRO0320076 (47 #8617).

E. H. SPANIER, Algebraic topology (Springer, New York, 1981). MR0666554 (83i:55001) Corrected reprint.
J. Trrs, Buildings of spherical type and finite BN-pairs, Lecture Notes in Mathematics 386 (Springer,
Berlin, 1974) MR0470099 (57 #9866).

V. G. TURAEV, ‘A cocycle of the symplectic first Chern class and Maslov indices’, Funktsional. Anal. i
Prilozhen. 18 (1984) 43-48 (Russian). MR0739088 (85m:58191).

A. WEIL, Basic number theory, (Springer, Berlin, 1995) MR1344916 (96¢:11002) Reprint of the second
(1973) edition.

Linus Kramer and Katrin Tent
Mathematisches Institut

Universitat Miinster

Finsteinstr. 62
48149 Miinster

Germany

linus.kramer@uni-muenster.de
tent@uni-muenster.de



	1. Lagrangians and hyperbolic modules
	2. The opposition graph and triples of Lagrangians
	3. Flag complexes of graphs
	4. The projectivity groupoid
	5. The Maslov cocycle
	6. Naturality of the Maslov cocycle
	7. Reduction of the cocycle
	8. Kashiwara's Maslov cocycle
	9. The Maslov cocycle as a central extension
	References

