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The Dynamical Degrees of Freedom
in Spatially Homogeneous Cosmology*
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Abstract. The true analogues of superspace and conformal superspace for
spatially homogeneous cosmology are introduced and discussed in relation to
the kinematics of the evolution of Cauchy data from a spatially homogeneous
initial value surface using a spatially homogeneous lapse function. Having
fixed the slicing of spatially homogeneous spacetimes to be the natural one, an
obvious restriction on the freedom of choice of the shift vector field occurs, and
its relation to the three-dimensional diffeomorphism gauge group of the
problem is explained. In this context the minimal distortion shift equation of
Smarr and York naturally arises. Finally these ideas are used to simplify the
dynamics.

I. Preliminaries

We first introduce a good deal of notation and standard results concerning a Lie
group and its associated Lie algebras and groups'. Let G be a simply connected n-
dimensional Lie group (n=3 will be our principal application) with identity
element uy, Z(G) its diffeomorphism group, X(G) the Lie algebra of vector fields on
G and g and § the respectively left invariant and right invariant n-dimensional Lie
subalgebras of X(G).

Let X(G)* be the space of 1-forms on G and g* and §* the respectively left
invariant and right invariant n-dimensional subspaces of X(G)*. These may be
identified with the dual spaces of g and §, and the entire space of left or right
invariant tensor fields on G may be identified with the tensor algebra over g or §
respectively. g is usually called the Lie algebra of G. A choice of basis e={e,} of g
determines a basis &= {¢,} of § (uniquely defined so that e and & coincide at the
identity) and dual bases {®w*} and {®“} of the corresponding dual spaces. Both e
and @ are global frames on G with respective dual frames {®} and {®"}.

The group of automorphisms of G

Aut(G) = {he 2(G)| h(uu,)=h(u ) h(u,); Yu,,ueG}
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is a Lie group acting on G ; let aut(G)C X(G) be the Lie algebra of generators of this
action. The subgroup of inner automorphisms of G or the adjoint group is

AD(G)={AD,|ueG}

where AD,=L,°R,-:=R,..°L, and L, (u,)=u,u,=R, (u,) are left and right
translation respectively.

Let GL(g) C gl(g) be the group of vector space automorphisms of g and gl(g) the
Lie algebra of linear transformations of g into itself. The group of Lie algebra
automorphisms of g

Aut(g)={Ae GL(g)|A[X, Y]=[4X, AY]; VX, Yeg}
has as its Lie algebra the derivations of g
aut(g)=Der(g)={Begl(g)| B[X, Y]=[BX.Y]+[X,BY]; VX, Yeg}.

The group of inner automorphisms of g or linear adjoint group is designated by
Ad(G) and is the connected Lie subgroup of Aut(g) obtained by exponentiating the
Lie algebra ad(g) of inner derivations of g (the adjoint Lie algebra):

ad(g)={ad(X)|X eg} Caut(g),

where ad(X)Y=[X, Y] for X, Yeg. ad: g—gl(g) is a homomorphism called the
adjoint representation of g. We will also use the notation ad(X) Y=[X, Y] for the
adjoint representation of X(G). (In each case the bracket is the Lie bracket of
vector fields.) If H is a subgroup of GL(g) with Lie algebra hCgl(g), let SH denote
the unimodular subgroup of H consisting of the linear transformations of H with
unit determinant and let sh be the corresponding Lie subalgebra of ) consisting of
its traceless elements. For example, SAut(g) is the special automorphism group of
g and saut(qg) is its Lie algebra.

A choice of basis e={e,} of g determines an isomorphism e¢:g—R" and a
corresponding isomorphism from gl(g)—gl(n,R) and from GL(g)—GL(n,R).
Denote by Aut,(g), aut,(g), etc., the images of the various subgroups of GL(g) in
GL(n, R) and Lie subalgebras of gl(g) in gl(n, R), and if ue G, X e g and £ aut(G), let
Ad (u)e Ad,(G), ad (X)ead (g) and ad (¢)eaut (g)" be the corresponding matrices
with respect to the basis e. If C*, = w*([e,, ¢,]) are the components of the structure
constant tensor of g in this basis, then define k,=(C?, )=ad (e )e gl(n,R). Recall
that e is a global frame on G with dual frame {®"}; the same is true of & and {®“}.
The two frames are related by the matrix of the adjoint representation of G with
respect to the basis e:!

Ru)=Ad,(1), ueG
éa:R—lbaeb d)“zR“ba)b
R 'dR=k,w" dRR '=Kka@"

[ew eb] = Ccab ec [em éb] :0 [éw éb] == Ccub éc .

1 See the next paragraph in the text
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For the convenience of the reader, we note that the Lie algebra automorphism
condition in the form

[X,Y]=A"'[4AX,AY] VX, Yegq; AeAut(g)
has the following expression in terms of the basis e:
Cly=A"10,C AT A% A =wi(Ae,).

Aut (g) is the set of all Ae GL(n, R) satisfying this condition.

If he Aut(G), the vector field hX obtained from X eg by dragging along by h
also lies in g, so Aut(g) acts naturally on g as a subgroup of GL(g) [since dragging
along is a representation of 2(G)]. In fact this is an isomorphism from Aut(G) onto
Aut(g) and from AD(G) onto Ad(G). If Ad(u) is the image of the inner automor-
phism AD, under this isomorphism, then Ad:G—GL(g) is a homomorphism
called the adjoint representation of G. Similarly the restriction of the adjoint
representation of X(G) to aut(G) when acting on g viewed as a Lie subalgebra of
X(G) 1s an isomorphism onto aut(g). In other words for each e aut(G), ad(£) acts as
a derivation on g and every derivation of g may be obtained in this way.

Left and right translations also act on g by dragging along. By definition left
translation acts as the identity on g, while for the same reason R,., and AD,
=R,-.~L, have the same action on g, namely they induce the lmear transfor—
matlon Ad(u) on g. For Xeg there is a unique Xeg such that X(u,)= X(uo) The
statement that g and § generate the right and left translations respectively means
that

Rexth =X, Lexth =X,,
where {X,|te R} is the one-parameter group of diffeomorphisms generated by the
vector field X (the flow of X) and the exponential map exp : g—G may be defined
by expX =X,(u,). In particular, the action of X, on g by dragging along is
equivalent to the action of Ad(exp—tX)=exp(—tad(X)) on g. In fact if X(¢) is a
parametrized curve in g, ie. a “time-dependent” left invariant vector field on G,
then it generates a curve h(t) in 2(G) called its flow [2] that will be a curve of right
translations which when acting on g by dragging along will be equivalent to the
action of a curve in the linear adjoint group. Similarly if X(¢) is a parametrized
curve in aut(G), its flow will be a curve of automorphisms of G which when acting
on g by dragging along will be equivalent to the action of a curve in Aut(g). Since
Aut(g) is a subgroup of GL(g), it acts naturally on the tensor algebra over g (left
invariant tensor fields on G). It is just this action which is produced by dragging
along by Aut(G). Thus given a curve X(z) in aut(G), its flow will be a time-
dependent automorphism of G which induces the action of the corresponding
time-dependent automorphism of g when it acts on the tensor algebra over g by
dragging along.

Let .#(G) be the space of left invariant Riemannian metrics on G, naturally
identifiable with the space .#(g) of (positive definite) inner products on g. Let C be
the abelian group R* acting on .#(G) by conformal scaling

g€ M(G)—~c?ye M(G), ceR”
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and let .#(G)=.#(G)/C be the space of orbits of this action. Similarly let
A CGL(n,R)* be the submanifold of matrices of components in the natural basis
of inner products on R" and . its unimodular submanifold. Note that there is a
natural projection map

geM—g=g '"ge i,

where g=detg. A choice of basis e of g provides a natural identification of .#(G)
with - # and of . #(G) with .Z. It is this reason that motivated Misner to call .#
minisuperspace in the case n=3 [3]. DeWitt has studied .# for n=3 as a certain
pseudo-Riemannian manifold closely related to the dynamics of general relatively
[4]. In fact .# is just the configuration space for the dynamics of spatially
homogeneous cosmology.

Aut(G) acts naturally on .#(G) by dragging along, as do the right translations;
left translations have trivial action on .#(G), i.e. are isometries of every element of
A(G), with § the corresponding Killing Lie algebra. The action of Aut(G) on .#(G)
induces the natural left action of Aut(g) on .#(g) and on ./#(g), while the dragging
action of right translation or inner automorphism induces the natural left action of
the linear adjoint group on these spaces. A choice of basis e of g induces the
following action of Aut,(g) on .# and ./ :

ge /[ (g)=A " TgA™!  AeAut,g)
ge M —fy(®)=(detA)*"f,(®).

It is a result of simple considerations of Lie group theory that if he 2(G) maps
(G) into itself under dragging along, then h=L,, -h; where h;e Aut(G); in
other words modulo left translations, the only elements of 2(G) which act
naturally on .#(G) are the automorphisms of G. The isometry classes of .#(G) are
therefore the orbits of Aut(G), ie. .#,,(G)=#(G)/Aut(G) is the space of left
invariant “n-geometries” or “true minisuperspace”, the real analogue of super-
space. Similarly the “conformal isometry classes” of .#(G) are the orbits
of the action of C x Aut(G) or equivalently the orbits of .#Z(G) under the action
of Aut(G), ie. “true conformal minisuperspace” is .7, (G)=.4(G)/Aut(G)
~ M(G)/(C x Aut(G)). In accordance with the work of York we call ./, (G) the
space of dynamical degrees of freedom [5] and its dimension the number of
dynamical degrees of freedom possessed by left invariant Riemannian metrics on G.

True minisuperspace has the same property as superspace [6], namely that it is
not a manifold but a stratification of manifolds, since the orbits may have varying
dimension. “Generic minisuperspace” is the submanifold of .#(G) on which the
orbit dimension is maximum and projects onto the generic submanifold of true
minisuperspace. The isotropy group I, at ge.#(G) of the action of Aut(G) consists
of those automorphisms of G which are isometries of 4 and the elements of the Lie
subalgebra of aut(G) corresponding to the Lie algebra of I, are Killing vector
fields of g Therefore the remainder of minisuperspace necessarily has higher
symmetry because of the increase in the dimension of the isotropy group, unless
generic minisuperspace already has maximum symmetry. Let .4, be the isotropy
group at g€ Riem(G) of the action of 2(G) on the space of Riemannian metrics on
G. If e #(G), # , not only contains the right translations Z(G) and the isotropy
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group I, which may or may not be trivial, but may also contamn additional
diffeomorphisms which do not mapg or .#(G) into themselves, although there
may be submanifolds of .#(G) on which they do act. The corresponding Killing
vector fields will not lie in aut(G) and will vary from point to point in .#(G).

II. Three-dimensional Lie Groups

We now specialize to n=3 for which the components of the structure constant
tensor of g decompose in the following well known way [7]:

a ad fa
Coe=tpalt +af<3bC ,
b 1 b)ed 1
neb — jC(qug )ed , (lb — 7Caba ) (lbnba — 0 =aq, Ccab .

n“ are the components of a symmetric second rank tensor density of weight one
over g, while g, are the components of a covector over g, i.e. an element of g* We
will refer to these components as in “standard diagonal form” if the matrix of
components n® is diagonal (n=diag(n'",n®,n®)) and a,=ad*, with a=0, in
which case the contracted Jacobi identity reduces to an®=0.

Let % be the six-dimensional submanifold of R*x R*x R?® consisting of
components C*, = — C*,, satisfying the Jacobi identity C¢,,C?,,=0. GL(3, R) acts
naturally on this space on the left:

Coyr A% C AT AT, AeGL(3,R),
or in terms of n* and a,:

n—(det A)~ ' A n“A4,,  aa AT
When a, +0, a scalar h is defined by the equation:

A,y =5 he g8y 1 n 1%,
which reduces to a?=hn"'n® when C%_ is in standard diagonal form.

By definition, the isotropy group I, at a point Ce% is just the matrix
automorphism group Aut,(g) of a three-dimensional Lie algebra with respect to a
basis e={e,} in which C*_ are the components of the structure constant tensor of
g. Secondly, the orbits of the action of GL(3,R) on % are just the equivalence
classes of structure constant tensors under the isomorphism relation. The de-
scription of the orbit space has been called the Bianchi-Behr classification of three-
dimensional Lie algebras [7]. The orbits are characterized by the rank and
absolute value of the signature of n, the vanishing or nonvanishing of a, and the
invariant 7 when defined. It is useful to select a canonical representative for each
orbit or “Bianchi type”. This is easily done by first reducing the structure constant
tensor to standard diagonal form, normalizing « (if nonzero) to unity when h is
undefined and by further reducing n to its Sylvester form (except for Type II where
a permuted form proves more convenient) We will refer to the canonical
representative for each type as “canonical components” and call a “canonical
basis” any basis e of a Lie algebra g with respect to which its structure constant
tensor has canonical components and the various matrix Lie algebras and groups
associated with g in the basis e the canonical such Lie algebra or group. Table 1
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lists the canonical components for each Bianchi type together with the dimensions
of the canonical adjoint group Ad (G) and canonical automorphism group Aut,(g)
and finally the dimension of the orbit to which each belongs, which is just 9-
dim(Aut(g)). The Roman numerals were assigned by Bianchi [8] who used a
different classification scheme than the present one which is due to Behr [7].

Table |
n'h nt? n' a h dim(Ad (G)) dim(Aut(g)) dim(orbit)

Class A I 0 0 0 0 ~ 0 9 0
I 0 0 | 0 - 2 6 3
Vi, o 0 0o 0 3 4 5
Vi, | 0 o 0 3 4 5
VI 1 1 -1 0 0 3 3 6
IX | 1 1 0 0 3 3 6
Class B \Y 0 0 0 | 3 6 3
v 1 0 0 1 3 4 5
HI=VI _, | — 1 0 =1 2 4 5
Vo - 1 ~1 0 a  —d? 3 4 5
Vi, .o | | 0 a a” 3 4 5

The types for which g, =0 are called class A and the remaining are called Class
B. For later purposes it is also useful to call Types I, II, III, V, and VI_,
degenerate and the remaining types nondegenerate.

It is convenient to introduce the notation e”, for the matrix whose only
nonvanishing component is a one in the a™ row and b'* column, so that a matrix
with components A% may be written A=A%e" .{e’} is the natural basis of
gl(3,R). For all but Types I, II, and 111, the adjoint representation ad is a Lie
algebra isomorphism so one can imbed in GL(3,R)" a Lie group of each Bianchi
type [namely the canonical adjoint group Ad(G)] by exponentiating the canoni-
cal adjoint Lie algebra ad(g). This has the canonical basis {k,} where we recall
that k,=C" e, and Trk,=2a, For a structure constant tensor in standard
diagonal form these are explicitly:

k,=—n?e}, +nVe?, —ae’,
k,=—nPe',+nMe? —ae?,
ky=—nWe? +nPe', +ale’, +e?,)
[k,,k;]=n"k, —ak,
(k3. k,]=n?k, +ak,
[k, k,]=n%k,.
The matrix k; is responsible for the nonunimodularity of the Class B adjoint
group. If we let I =1—e¢“, and let k be the matrix obtained from k, by setting the

structure component a to zero, then ky=Kkj+al® isolates the only nonzero
diagonal components of any of the k,.
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Canonical coordinates of the second kind [1] lead to the following para-
metrization of the adjoint matrix R; the exponentiation can be done explicitly:

R(x)zexlklexzkzex3k3

1 (1) ax3 41 ax3
1 0 —ax ¢, 0 n'Ys, cye n's,e 0]
=10 ¢, —nP¥s 0 U —ax?| |[nPsze™  cye™ 0
0 n%s;, ¢ —n¥s, 0 ¢, 0 0 1

Note that detR =e?%’.
The following abbreviations and identities are used; (a,b,c) is any cyclic
permutation of (1,2, 3):

m@ = ( _ n(b)n(c))l/z @ = (n(b)n(c))l/Z
¢, =coshm@x*=cosm“x*
s,=(m?9) "t sinhm@x®= (M)~ ! sinm“@x*

lim (c,s,)=(1,x%

m@ -0
(c,)* = (m“s,)> =(c,)* +(1“s,)* =1
de,=(m9)?s,dx*  ds,=c,dx".
The left and right invariant dual frames on Ad(G) determined by the basis {k,}
of its Lie algebra ad, (g) are computable from the relations:
R 'dR=k,»* dRR™'=k,»".

The invariant frames themselves may be constructed using the duality relations.
The result is:

ol =e ¥ (c,cdxt +nWs,dx?) e =™ (nPs,0, +cyc, " 0, —n®s,05))
w?=e" " (—nPc,s,dx! +cydx?) e, =e"(c30, —nVs,c, 10, —ns,8,))
w®=n¥s,dx* +dx? e3=0,

@' =dx +(nYs, —ax')dx? ¢, =0,

O*=cdx*—(mPs c,+ax?)dx®  e,=c,0,—nVs;c,” (0, —nWs,0,)

@* =n¥s dx*+c c,dx? ey=n%s,0,+c,c,” M0, —nYs,0,)

+a(x' 0, +x%3,)

—_ 3
o' No? AP =e” 2 e dxt Adx? A dx?

O AD* A D =cydxt Adx® Adx3.

Similar formulas may also be obtained for other types of exponential
coordinates. Although this procedure is not valid for Types I, IT and IIT since
k,=0,k;=0and k, +k, =0 respectively in these cases, the parametrized formulas
for the invariant fields are valid for structure constant tensor components in
arbitrary standard diagonal form for all the Bianchi types. We shall only evaluate
them at the canonical components for each Bianchi type. The Bianchi Types I, II,






