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Abstract. Riemann—Cartan geometries are geometries that admit non-zero curvature and
torsion tensors. These geometries have been investigated as geometric frameworks for po-
tential theories in physics including quantum gravity theories and have many important
differences when compared to Riemannian geometries. One notable difference, is the num-
ber of symmetries for a Riemann—Cartan geometry is potentially smaller than the number
of Killing vector fields for the metric. In this paper, we will review the investigation of
symmetries in Riemann—Cartan geometries and the mathematical tools used to determine
geometries that admit a given group of symmetries. As an illustration, we present new
results by determining all static spherically symmetric and all stationary spherically sym-
metric Riemann—Cartan geometries. Furthermore, we have determined the subclasses of
spherically symmetric Riemann—Cartan geometries that admit a seven-dimensional group of
symmetries.
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1 Introduction

Riemann—Cartan geometry is a generalization of Riemannian geometry where the non-metric
connection associated with covariant differentiation V is still required to be metric compatible.
Therefore, the metric g is constant under covariant differentiation Vg(X,Y) = 0 but V is no
longer torsion-free. That is, the connection admits a non-zero tensor

T(X,Y) = VxY — VyX — LxY #0,

where Lx denotes the Lie derivative with respect to X. By allowing a non-trivial torsion, the
connection is no longer guaranteed to be uniquely defined in terms of the metric, unlike the Levi-
Civita connection in Riemannian geometry. However, given a torsion tensor, the connection can
be uniquely specified by taking the Levi-Civita connection and adding the contorsion tensor,
which is constructed from the torsion tensor using index notation as [17]

1
Kabc = 5

9 (Tabc + Tbca + Tcab)-
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If the torsion tensor is unspecified, the choice of connection cannot be specified uniquely and this
freedom in the connection can complicate characterizing Riemann—Cartan geometries. Despite
this complication, we will denote a Riemann—Cartan geometry, as a triple (M, g, w) where M is
the manifold, g is the metric, and w is the metric-compatible connection defining V.

The motivation for studying Riemann—Cartan geometries includes torsion based theories of
gravitation, such as the Einstein—Cartan theory of gravitation, where torsion is associated with
the intrinsic angular momentum [8, 17]. This association is partially motivated by the search for
a quantum theory of gravity and the unification of gravity with other fundamental interactions
arising in the quantum domain. Alternatively, within the class of teleparallel gravity theories,
the curvature tensor vanishes and all information about the gravitational field is encoded in
the torsion tensor and its covariant derivatives. In teleparallel gravity theories, the metric is
subsumed by a frame basis as the primary object of study while the affine connection can be
computed from some, as yet arbitrary Lorentz frame transformation contained within the spin
connection plus the Weitzenbock connection associated with the frame basis [11].

In any theory of gravity, it is important to determine solutions that reflect our physical
Universe. However, due to the freedom in the choice of the connection, generating physically
meaningful solutions in Riemann—Cartan geometry is more difficult than in theories of gravity
based on Riemann geometry. Furthermore, the Ricci tensor is no longer necessarily symmetric,
and depending on the gravity theory, the requirement that the Ricci tensor is related to a sym-
metric energy momentum tensor will impose additional conditions that must be satisfied [18].

Symmetries and symmetry methods are powerful tools in the analysis of complex mathemat-
ical and physical problems. Techniques based on symmetry have been used in general relativity
(GR) to produce meaningful solutions with closed form expressions. An important example of
this is the Schwarzschild solution, which describes a spherically symmetric mass in vacuum and
provides the simplest model for a vacuum black hole solution in GR. This was accomplished
by requiring that the solution has spherical symmetry constraining the metric and curvature,
which contains all of the information about the gravitational field within GR.

To illustrate, we note that any continuous symmetry can be generated by an infinitesimal vec-
tor field X and if the metric g is invariant under such a symmetry then £Lxg = 0. The resulting
first order linear partial differential equations are known as the Killing equations whose solutions
are Killing symmetries or isometries. The study of Killing symmetries is well understood and
they have been used to find a wealth of solutions in GR [16].

While GR is based on Riemannian geometry, where symmetry techniques have been estab-
lished, in the case of alternative theories of gravity which are not based on Riemannian geometry,
less is known. Symmetries and application of symmetry techniques are currently under devel-
opment, particularly in teleparallel gravity [3, 9, 10, 12, 15]. Here, we are interested in using
symmetry techniques to determine the constraints on the geometrical framework in Riemann—
Cartan geometries, where many of the approaches in teleparallel gravity no longer apply.

The introduction of a non-vanishing torsion tensor introduces additional conditions for a sym-
metry generator X, namely,

ﬁxg = 0, ﬁxT = 0, (1.1)

and these conditions can complicate the symmetry techniques used in GR. Any symmetry satis-
fying these conditions will be called an affine frame symmetry. For example, it has already been
shown that the only Riemann—Cartan geometry that admits a maximal number of ten affine
frame symmetries is Minkowski space in which the torsion vanishes [3]. Furthermore, any Rie-
mann—Cartan geometry with non-zero torsion admits at most a seven-dimensional affine frame
symmetry group [3, Corollary IV.1]. This is proven by applying the most general definition of
a symmetry within the framework of the Cartan—Karlhede algorithm and examining the linear
isotropy group of the torsion tensor.
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If the metric and torsion tensor is given, equation (1.1) is sufficient to determine if a vector
field X is an affine frame symmetry, even if the symmetry group admits non-trivial isotropy.
However, if instead one wishes to determine the most general class of Riemann—Cartan geome-
tries which admits a given Lie group as a symmetry group, equation (1.1) leads to a significantly
more difficult problem. However, by switching to a frame-based perspective, this problem can
be answered for any symmetry group. More concretely, in metric-affine theories, the quantities
in equation (1.1) can instead be represented in terms of the fundamental variables, the metric g,
the frame basis {h®} and the connection w [7].

In this paper, we will review the current frame based symmetry techniques in Riemann—
Cartan geometry; namely, the affine frame symmetry approach [12] and the Cartan—Karlhede
algorithm. Using these tools, we will summarize the construction of spherically symmetric
Riemann—Cartan geometries, specialize to static spherically symmetric and stationary spheri-
cally symmetric Riemann—Cartan geometries and determine the subclasses of spherically sym-
metric Riemann—Cartan geometries that admit a seven-dimensional affine frame symmetry

group.

1.1 Notation

Coordinate indices will be denoted by u,v,... while tangent space indices will be denoted
by a,b,.... The spacetime coordinates will be z*, unless specified otherwise. The frame fields
are denoted as h, and the dual coframe one-forms are h®. Then relative to a coordinate basis,
the vielbein components are hg" or h®,. The spacetime metric will be denoted as g,,, while the
Minkowski tangent space metric is 74p.

To denote a local Lorentz transformation leaving 7, invariant, we will write A (z*) and
A% = (Afl)ab as its inverse transformation. The connection one-form w? is defined as
w% = w% h° and the metric-compatibility condition implies that the first two lowered indices
are anti-symmetric. The curvature and torsion tensors will be denoted, respectively, as R%
and 1.

Relative to a frame basis {h,} covariant derivatives with respect to a basis element will be
denoted as V, = Vh,- Covariant derivatives with respect to a metric-compatible connection will
be denoted using a semi-colon, Typ.... Integral curves of a vector field X, with parameter 7, will
be denoted as ¢,: M — M and we will write the corresponding Lorentz frame transformation
as ¢oth" = A? ), h".

Due to the variety of commutator relations used in the affine frame symmetry formalism, we
will use different indices to distinguish them. The commutators of the affine frame symmetry
generators {X;} are [X;,X,] = C& sX. The Lie algebra representations of the isotropy
group, \; = )\“%b are [A;, )\5] = Ck{j)‘l%' Finally the commutator of the frames will be denoted
as [hy, hy] = ¢, he.

2 Riemann—Cartan geometries

Let M be a four-dimensional (4D) smooth manifold with coordinates z* with a non-degenerate
coframe field h* defined on a subset U C M. We assume M is equipped with a symmetric metric
field g4 derived from the coframe fields to determine lengths and angles. Lastly, we require
a notion of parallel transport and assume the existence of a linear affine connection one-form w¢,.
From the perspective of metric-affine theories, the geometrical quantities gq,, h* and w9 are
independent quantities with 10, 16, and 64 independent elements, respectively [7]. We will
assume that our geometrical framework is invariant under the group of linear transformations
of the frame GL(4,R). Further, we shall assume that the connection is compatible with the
metric. These two assumptions impose constraints on the derived geometrical quantities.
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2.1 Gauge choices

A choice of gauge will refer to the choice of basis for the tangent space. Using the GL(4,R)
gauge, we can use the freedom in the tangent space to diagonalize the symmetric metric
Jab = Nap = Diag[—1,1,1,1] with respect to the coframe {h®} = (u,x,y,z); this is known as
the orthonormal gauge [6]. In this paper, {h®} will always denote a frame basis in the orthonor-
mal gauge. While other gauges are possible, such as the Newman—Penrose gauge [16], due to the
natural 3 + 1 split of spherically symmetric geometries, we choose to work in the orthonormal
gauge.

There exists a subgroup of GL(4,R) of residual gauge transformations that leave the form of
the metric unchanged. This subgroup is the orthogonal group O(1,3) under various representa-
tions. Due to physical motivations, we will require that the orientation of space and the direction
of time cannot be changed. This constraint restricts the remaining gauge transformation from
this subgroup to be the proper orthochronous Lorentz subgroup, SO*(1, 3) of O(1,3). We will
denote the action of the Lorentz group on the coframe as h® — Aabh'b.

In the orthonormal gauge, the metric is completely fixed and only the coframe and connection
are independent dynamical variables yielding 16 4+ 64 = 80 independent elements with a remain-
ing 6-dimensional SO*(1,3) gauge freedom. To obtain a Riemann—Cartan geometry, we impose
the assumption that the connection be metric compatible, i.e., Qupc = —Vgap = 0, whence the
connection becomes anti-symmetric, w ) = 0. Due to the algebraic nature of this constraint,
it can be implemented easily without loss of generality.

The fundamental variables remaining are the 16 elements of the coframe h® and the 24
elements of the anti-symmetric connection one-form w®. In terms of these quantities, the
torsion tensor is of the form: 79, = w®, — w%, — %, where [h., hy] = ¢®,;h. and c®,; are the
coefficients of anholonomy for the frame h,. The torsion tensor can be decomposed into three
irreducible parts under the local Lorentz group [7],

2 1
Tabc = 7(tabc - tacb) - *(gach - gac‘/b) + 6abchAd-

3 3
Here V denotes the vector part which is the trace of the torsion tensor: V, =T bba. Lowering the
index of the torsion tensor and applying the Hodge dual of the resulting tensor gives the axial
part A: A% = %e“deTbcd. Finally, we can construct the purely tensorial part t:

1 1 1
tabc - i(Tabc + Tbac) - 6(900,‘/}) + gcbVa) + ggab‘/c-

We will call each of these tensors the vector part, azial part, and tensor part of the torsion tensor.
The tensor part satisfies the following identities:

gabtabc = 07 tape = 75()(107 tabe + toca + teab = 0.

In a similar manner, the curvature tensor associated with the coframe and connection is

defined as
a _ a a [ a e a (A a
R%eq = he[why] — ha[w%.] + 0hqw e — 05w eq — cqw e

where [h., hg| = ¢, ;he and c°,_; are, again, the coefficients of anholonomy for the frame h,. This
tensor can be decomposed into irreducible tensors [13]: the Weyl tensor, two symmetric rank
two tensors, an anti-symmetric rank two tensor, the Ricci scalar and a pseudo-scalar. Through
contractions of the Riemann tensor and its Hodge dual we may construct the Ricci tensor and
co-Ricci tensor, respectively,

_ 1 d
Rab = Reaeby Rab = §}zeacdEC eb;
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where ebed

is the Levi-Civita tensor associated with the Hodge dual. The Ricci scalar and
pseudo-scalar follow as contractions of these tensors: R = R%, R = R",. Denoting ;T4 = T{ap)
and oTyp = Tjqy), respectively, as the symmetric and anti-symmetric parts of an arbitrary rank

two tensor, T, we may construct the trace-free Ricci tensor and trace-free co-Ricci tensor,
1 - _ 1=
Sab = ﬁRab - ZRgaba Sab = 5Rab - ZRgab-

We note that aR[ab] = %e adeaR, and therefore we will only consider the anti-symmetric part of
the Ricci tensor.
The irreducible parts of the curvature tensor are then [13]

(Q)Rabcd — Sf

e

c, dle 3 cd __ 1 5 cd 4 cd __ [c ¢d]
en ab’ ()Rab __ER%” ) DR, ——2S[a ) o

d]

OOR, = ~2.R,, 5",

O)R o — _% B3, [e 5d]b}’

The remaining irreducible part, the Weyl tensor, may be found by subtracting the above parts:

6
(I)Rabcd _ Cabcd _ Rade o Z (I)Rade'
=2

In this paper, we will work primarily with the Weyl tensor, the Ricci tensor, the torsion tensor
and the covariant derivative of the vector part of the torsion tensor. Thus, we will ignore the
finer decomposition of the Riemann tensor.

3 The Cartan—Karlhede algorithm
and the dimension of symmetry groups

The Cartan—Karlhede (CK) algorithm iteratively fixes a frame in an invariant manner by choos-
ing canonical forms for the curvature tensor, the torsion tensor and their covariant derivatives.
At the conclusion of the algorithm, the components of these tensors will be invariants for the
geometry. However, these invariants only provide a local characterization of the geometry, and
hence regularity within an open region is assumed so that the metric and its derivatives are
continuous [16, Chapter 9]. This is necessary to avoid regions where the linear isotropy group
drops in dimension, for example in the Szekeres Swiss-cheese models which arise from matching
the Szekeres quasi-spherical solutions with spherically symmetric solutions, where the dimension
of the linear isotropy group can drop from one to zero [2].

To write the algorithm compactly, we will write R? and T to denote the set of components of
the curvature tensor and its covariant derivatives up to the g-th order, and the set of components
of the torsion tensor and its covariant derivatives up to the ¢-th order, respectively.

The CK algorithm is then [3, 4, 5]:

(1) Set the order of differentiation ¢ to 0.

(2) Calculate R? and 77 .

(3) Determine the canonical form of the g-th covariant derivative of the curvature tensor and
the torsion tensor.

(4) Fix the frame as much as possible, using this canonical form, and record the remain-
ing frame transformations that preserve this canonical form (the group of allowed frame
transformations is the linear isotropy group Hy).
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(5) Find the number t, of independent functions of coordinates z* in 77 and RY in the
canonical form.

(6) If the dimension of H, and number of independent functions are the same as in the previous
step, let p+ 1 = ¢, and the algorithm terminates; if they differ (or if ¢ = 0), increase ¢
by 1 and go to step 2.

If dim(H,) # 0, the frame resulting from the CK algorithm is known as an invariantly
defined frame fized completely up to linear isotropy. While if H, is the trivial group, so that
dim(Hp) = 0, we say that the frame is an invariant frame. Relative to the frame determined
by the algorithm, the non-zero components of RY and 79 are then the set of Cartan invariants
and we will denote the sets as R = RPT! and 7 = 7P+,

In addition to these invariants, there are two sequences of discrete invariants: the dimension of
the linear isotropy group, dim H, at each iteration ¢, and the number of functionally independent
components of the curvature tensor, torsion tensor and their covariant derivatives up to order ¢,
denoted as t,. The linear isotropy group H, is a subgroup of the Lorentz frame transformations
that do not change the form of the curvature tensor, the torsion tensor and their covariant
derivatives up to g-th order. Assuming the frame basis and connection are sufficiently smooth,
the 4D geometry is uniquely locally characterized by these two discrete sequences and the values
of the (non-zero) Cartan invariants up to order ¢ which provides classifying functions.

The CK algorithm provides a straightforward approach to determining the number of sym-
metries of a Riemann-Cartan geometry. Since there are ¢, functionally independent invariants,
they can be treated as essential coordinates 2. Then, the remaining 4 — ¢, coordinates e
are ignorable, and so the dimension of the affine frame symmetry isotropy group (hereafter
called the isotropy group) of the spacetime will be s = dim(H)) and the affine frame symmetry
group has dimension: r = s + 4 —t,,. Using this formula, we can determine the dimension for
the largest group of affine frame symmetries by determining the best values for ¢, and s. Due
to the negative sign in front of ¢,, it follows that the best value is ¢, = 0 so that all Cartan
invariants are constants. This is equivalent to the spacetime being locally homogeneous. We
are left to consider the permitted values of s, which is determined by the linear isotropy of
the Riemann curvature tensor and the torsion tensor. While the largest isotropy group for the
Riemann curvature tensor is 6-dimensional, i.e., when the Weyl tensor vanishes and the Ricci
tensor is proportional to the metric. However, the linear isotropy group of the torsion tensor
was determined [3] and it was shown that the largest linear isotropy group is 3-dimensional.
This occurs when the tensor part of the torsion tensor vanishes and both the vector part and
axial part of the torsion tensor are proportional. Thus, the largest group of affine symmetries
for Riemann—Cartan geometries with non-vanishing torsion is 7-dimensional.

3.1 Lorentz frame transformations

Any Lorentz frame transformation can be constructed in an orthonormal frame by combining
boosts in planes spanned by the timelike direction and a spacelike direction, with spatial rotations
in planes spanned by two spacelike directions.

We will briefly describe boost and rotations using two examples. For an orthonormal frame, if
we consider a boost in the u—x plane, with real-valued parameter B, the resulting transformation
is then

, BZ+1 +32—1 , B*-1 +BQ+1 , ;o (3.1)
u = 2Bu 5B X, X = 2Bu 5B X, y =Y, Z = 7. .

Similarly, a rotation in the y — z plane, with parameter © is then

u =u, x' =x/, y' = cos(O)y + sin(0)z, z' = —sin(0)y + cos(O)z.
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4 Affine frame symmetries with isotropy

To discuss symmetries for a given Riemann—Cartan geometry (M, g, w) in a frame context, we
will consider the frame generated at the conclusion of the CK algorithm. The linear isotropy
group H), encodes the freedom in specifying an invariantly defined (co)frame. That is, the CK
algorithm produces an invariantly defined (co)frame h® up to linear isotropy H, such that for
any diffeomorphism ¢: M — M that acts as an isometry of the metric, the invariantly defined
(co)frame satisfies: ¢*h® = A“bhb, where A% belongs to H), and arises from the coordinate form
of ¢, i.e., y* = ¢*(x¥) [14]. If ¢ = ¢, is generated by exponentiating the vector field which locally
represents an infinitesimal generator of an affine frame symmetry X with some parameter 7,
then we can calculate the effect of the Lie derivative of X on the frame as

Lxh® = A\%h’, (4.1)

where A% is the Lie algebra generator for A?T)b associated with ¢,. By using an invariantly

defined frame, up to the linear isotropy group, we have reduced the number of unknown functions
in A% and restricted their functional dependence to only those coordinates which are affected
by ¢,. Recall, to distinguish between those coordinates which are affected or unaffected by the
affine frame symmetry generators we employ z* and z%, respectively.

In addition to the frame, we must consider the effect of the affine frame symmetry on the
metric-compatible connection one-form w? = w% h® where wq, = —wyp,. If X is an infinites-
imal generator of an affine frame symmetry for the geometry, then it must also be an affine
collineation [1],

(Lxw)%, = 0. (4.2)

From the conditions (4.1)-(4.2), it follows that the Lie derivative of the curvature tensor,
the torsion tensor and its covariant derivatives with respect to X will all vanish. That is, any
vector field satisfying equations (4.1)—(4.2) will necessarily satisfy equation (1.1). Similarly, the
condition of a symmetry (1.1) implies conditions (4.1)—(4.2) once an invariantly defined frame
has been chosen. Hence this frame based definition of an affine frame symmetry is necessary
and sufficient to generate an affine frame symmetry of the Riemann—Cartan geometry. In light
of this, we introduce the following definition

Definition 4.1. An affine frame symmetry generator is a vector-field satisfying equations (4.1)
and (4.2).

Note that if A% = 0, then the original definition of an affine frame symmetry in [3] is recovered.
That is, the linear isotropy group is trivial and the frame resulting from the CK algorithm is an
invariant frame. In practice, when generating solutions, the above definition is not practical, as
one requires knowledge of the curvature tensor, the torsion tensor and their covariant derivatives
in order to determine the parameters of the Lorentz transformations.

We will instead consider a more general class of frames. These frames are acted on by the Lie
algebra generators of the isotropy group under Lie differentiation with the affine frame symmetry
generators.

Definition 4.2. Consider a Riemann-Cartan geometry (h® w%) admitting an affine frame
symmetry X. The class of symmetry frames h® are those frames that satisfy
i b
Lxh® = fx\? h’, (4.3)

where fX%(xO") are arbitrary functions and )\? are basis elements of the Lie algebra of the
isotropy group (so that \;,, = —\;_) and i ranges from 1 to the dimension of the isotropy

group.
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The functions f X? have been introduced to permit the possibility of an arbitrary infinitesimal
generator of an element of the isotropy group. This definition represents a choice of the frame
basis and can be applied for any affine frame symmetry. We note that this definition has an
advantage over the previous definition since A% now has a definite structure that allows for the
frame to be further fixed and determine the functlonal forms of the fX as well.

In general, a symmetry frame is not an invariantly defined frame until the components f ¥
are fixed in some coordinate independent way. A straightforward calculation shows that if X
generates an affine frame symmetry, so that equation (4.3) is satisfied, then the Lie derivative
of the metric is zero, implying that X is a Killing vector field [12]. Alternatively, given a
Killing vector-field X, then relative to an invariantly defined frame X satisfies equation (4.1),
where \% is a generator of an element of the linear isotropy group. As the linear isotropy group
is a subgroup of the larger isotropy group, this implies that h® is a symmetry frame and X is
an affine frame symmetry.

Choosing a representation for the Lie algebra of the isotropy group, the transformation from
the invariantly defined frame to an arbitrary symmetry frame can be stated in terms of the
components of fX Since these components appear in equation (4 3), they are tensor quanti-
ties that depend on the frame. Under a change of frame h" = A“ h® the components trans-
form as

X (A% [A°, + Ao N A1 = Frine (4.4)

Thus by starting with the invariantly defined frame, we may pick ]\ab to transform to any other
symmetry frame by specifying the form of fli. This shows that the class of symmetry frames
always exists.

Given two different symmetry frames we can transform from one to the other using a subgroup
of the Lorentz group Iso, which leaves the representation of the isotropy group unchanged. This
can be determined using the chosen Lie algebra basis for the Lorentz group and picking those
Lie algebra generators whose commutator with the Lie algebra elements of the isotropy group
again lies in the isotropy algebra. For example, in the case of spherical symmetry there are
three generators of the isotropy group Xj, I = 1,2,3, and the group Iso consists of all spatial
rotations.

In analogy with the CK algorithm, we fix the parameters of the elements in Iso to prescribe
the form of the fXZ as much as possible. For example, some of the f Xl can be set to a constant
or zero. In which case, we have restricted the frame freedom of Iso to a smaller subgroup H,
which leaves the chosen form of f,! unchanged.

We will say that the resulting symmetry frame is an invariantly defined symmetry frame up
to the isotropy group H,. While if H), is the trivial group, the symmetry frame is an_ invari-
ant symmetry frame. Returning to the spherically symmetric example, a choice of inI = fii’
I =1,2,3, for each affine frame symmetry generator can be made so that this subgroup H,
consists of rotations in the h® — h* plane where their Lorentz parameters are constant.

Since the invariantly defined frame determined by the CK algorithm is a symmetry frame, it
follows from equation (4.4) that the original definition of an affine frame symmetry generator
can be restated as

Definition 4.3. An affine frame symmetry generator is a vector field satisfying

~ £ b (15)
(;CXIUJ) be — 0, 4.6

where %,5,/% € {1,...,n} and the components of fI% are functions of the coordinates =
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4.1 Determining the most general geometry for a given isometry group

Supposing that the manifold admits a Lie group of affine frame symmetries of dimension IV, with
a non-trivial isotropy group with dimension n (n < N). Choose coordinates so that the affine
frame symmetry group is represented as a set of vector fields Xy, where I, J, K € {1,..., N},
with the corresponding Lie algebra

(X7, X)) = C Xk, (4.7)

where C’I§ 7 are structure constants of the Lie algebra.

Then we can determine the most general Riemann—Cartan geometries admitting this Lie
group as affine symmetries by solving the following equations for an orthonormal symmetry
coframe h?, the associated metric g, = nabh“uhb,j, and with a metric-compatible connection w9,
satisfying the conditions in definition (4.3). The form of f Ii can be specified by choosing some
components to be equal to others, to be constant or to be zero. This defines a class of invariantly
defined symmetry frames up to the linear isotropy in H,. For the moment, we will consider an
arbitrary symmetry frame. In addition, due to the properties of the Lie derivative, we have an
additional relationship coming from (4.7):

[Lx,,Lx,]h" = Lx, x,h" = ' ;Lx, h. (4.8)

Equations (4.5), (4.7) and (4.8) determine the most general frame basis which admits a given
affine frame symmetry group with a non-trivial isotropy group. To determine the connection,
we must solve equation (4.6) relative to this frame. Using the coordinate basis expression for
the Lie derivative of the connection in [19], the corresponding frame basis expression is

(ﬁxlw)abcha =R(X,h.)hy — T(X,V.hy) + V. T(X,hy) + V.V, X — VvehbX, (4.9)

where R(hg, h.)hy = R%_h, and T(h., hy) = T4 h,, respectively, denote the curvature tensor
and torsion tensor of the connection w9, .
Then denoting the associated Lie algebra of the isotropy group as
i Aglt = A2 A0 =2 2 =R

LA 1077 ¢ 7 b1 c
equations (4.5), (4.8) and (4.9) can be restated in the following proposition.

Theorem 4.4. The most general Riemann—Cartan geometry admitting a given group of sym-
metries having vector generators, Xy, I,J,K € {1,..., N} with a non-trivial isotropy group of
dimension n can be determined by solving for the unknowns h?,, frt (with 0,7,k € {1,...,n})
and w® from the following equations:

X P00, + 8, X, e, = [N R, (4.10)
2Xo(fy) = f1'f/CF 5 = Ol (4.11)
Xrha(we) + whefr' A — wh fr A b whafr' A L= he(fH)A, =0, (4.12)

where {)\Z1 b}?—l is a basis of the Lie algebra of the isotropy group, [A;, )\j] = Cléj)\,;, X7, Xy =

Given two symmetry frames, h* and fla, the components f;* in one frame can be related to f s
in the other frame using equation (4.4) with the frame transformation h” = A% h® determined
by appropriately combining the respective frame transformations taking the symmetry frames
to the same invariantly defined frame for the Riemann-Cartan geometry. While the above
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proposition applies for any symmetry frame, if one finds the solution in a particular symmetry
frame, then the solution can be transformed to any other symmetry frame. In practice, the
solution to these equations is most readily accomplished using an invariantly defined symmetry
frame up to H, where the components of f;* have been invariantly specified. This is achieved
by fixing the parameters of elements in the group Iso to set the form of the matrix f;* in an
invariant manner.

These results can be applied to teleparallel geometries, by requiring that the connection is
flat and so the curvature tensor expressed in terms of the connection and its derivatives must
vanish.

Theorem 4.5. The most general teleparallel geometry which admits a given group of symmetries
with vector generators X, I, J,K € {1,..., N} with a non-trivial isotropy group of dimension n
can be determined by solving for the unknowns h®,, It (with 1,5,k € {1,...n}) and w%, from
Theorem 4.4 along with an additional condition

a 3 W a 3 v a a . f _  a f e ,a _
R%cq = h'0uwg — hq 0wy + w g’y — wpqwy, — oqwe = 0,

where [he, hg] = ¢, he.

5 Riemann—Cartan geometries with SO(3)-isotropy

To illustrate the affine frame symmetry approach, we will review the construction of all Riemann—
Cartan geometries admitting SO(3) isotropy [12]. To do this, we will work in spherical coordi-
nates {z#} = (t,r,0, ¢) so that the generators of the affine frame symmetry group are:

) cos(¢) sin(¢)
X = O, 0, Xg = — 0, 0, X3 = 0.
1 = sin(¢)dy + tan(0) %" 2 = —cos(¢)0p + tan(@) %" 3 =104
The commutator relations for these vector fields are [X1,Xs] = —X3, [X1,X3] = Xy and

[Xo, X3] = —X.
To employ equation (4.10), we must specify a representation of our isotropy subalgebra; we
will choose the following;:

00 00 0 00 0 0 00 0
00 00 0 010 0 0 0 1
M=o 0 o0 1] M==1o _1 0 ol M="1o 0 0 0
00 —1 0 0 00 0 0 -1 0 0

With these quantities, we will determine a symmetry frame by specifying the form of fli in
equation (4.10) using equation (4.11). By exploiting the SO*(1, 3) freedom, these equations can
be solved to give

cos(4)
X sin(0) 00
t — | sin(¢
fI sinEO)) 0
0 0 0

With f ]z computed, we may solve equation (4.10) and determine the frame basis
h! = a(t, r)dt, h? = B(t,r)dr, h? = ~(t,r)dé, h* = ~(t,r) sin(8)d¢.

The functions «, 3, 7y are arbitrary functions of ¢t and r. The coordinate freedom will be restricted
to coordinate transformations that preserve the diagonal form of the metric.
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Relative to this frame, we may then solve for the connection from equation (4.12),

wig = W5(t, 7”)1’11 + Wﬁ(t, T)hz, wiz = W7(t, ’I”)h3 + Wg(t, T)h4,
wig = —Ws(t,7)h + Wi (t,7)h3, wag = W3(t,r)h® + Wiy(t, r)h?,
(0
was = —Wi(t,r)h® + W(t,r)h®,  wsy = Wi(t,r)h! + Wy(t, r)h* — C‘Et( ;h4,
Y, T
where W, a € {1,...,8}, are arbitrary functions of ¢ and r. Of course, by imposing conditions

on the torsion tensor or curvature tensor, and solving the resulting differential equations, we can
recover solutions to Riemannian geometry if the torsion tensor vanishes or teleparallel geometry if
the curvature tensor vanishes. Within Riemann—Cartan geometry, we can consider the existence
of additional symmetries.

6 Extension to static spherically symmetric geometries

A popular choice for an additional symmetry is staticity, where a globally defined timelike affine
frame symmetry exists and the resulting metric is diagonal in the same coordinate system where
the timelike affine frame symmetry has been rectified. Without loss of generality, we may choose
coordinates so that this timelike vector field takes the form: X4 = 0, which does not affect the
diagonal nature of the vielbein matrix h%,. Then, the commutator relations immediately imply
X, X4 =0, I’ =1,2,3. By considering f,’, where the index I now ranges from 1 to 4, the
frame freedom allows equation (4.11) to be solved again, giving

sin(0) 00

4 sin(¢)
f]l = | sin(0) 0 0
0 0 0
0 00

Then solving equations (4.10) and (4.12), we find
h! = o(r)dt, h? = B(r)dr, h? = ~(r)de, h* = 4(r) sin(#)d¢.

In general, in the static spherically symmetric Riemann—Cartan geometries, if 3—3 = 0, then
we may choose coordinates so that v(r) = r and the frame basis is now

h! =a(r)dt, h*=p3(r)dr, h3=rdf,  h'=rsin(d)de, (6.1)
and the connection coefficients then take the form

wia = Ws(r)h! + We(r)h2, wig = Wr(r)h® + Wy (r)h?,

Wig4 = —Wg(T)h3 + W7(T)h3, Wwo3 = Wg(’l“)h3 + W4(’r‘)h4,

cos(0) . 4
rsin(6) b

Woy = —W4(7“)h3 + Wg(?“)h4, w34 = W1 (’I")hl =+ WQ(T‘)hQ — (6.2)

7 Static Spherically Symmetric G; Riemann—Cartan geometries

In principle, additional symmetries can be appended to the group. However, this requires
knowledge of the larger Lie algebra that contains the Lie subalgebra constructed from the current
affine frame symmetry generators. Furthermore, not all Lie algebras can be realized as affine
frame symmetry generators for a given class of Riemann—Cartan geometries. A good example of
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this phenomenon is the de Sitter analogue in Riemann—Cartan geometry, which is a spherically
symmetric geometry admitting a seven-dimensional group of affine frame symmetries. The non-
trivial de Sitter group’s ten-dimensional Lie algebra is not realized in Riemann—Cartan geometry.

In the case of large affine frame symmetry groups, there is a constructive approach to deter-
mining the geometries that admit them. We will use the tools introduced above to determine
a subclass of static spherically symmetric Riemann—Cartan geometries that admit seven affine
frame symmetry generators, Gr.

From the CK algorithm, a Riemann—Cartan geometry will admit such a group of affine frame
symmetries if dim H},, = 3 and the components of the torsion tensor, the curvature tensor and
their covariant derivatives are constant relative to an invariantly defined frame; that is, ¢, = 0.
As an illustration, in the following section we will outline the analysis for the subclasses of
static spherically symmetric Riemann—Cartan geometries and determine the conditions in each
inequivalent case. The results of this analysis will be gathered in Appendix A.

Using the frame basis in equation (6.1), along with the connection in equation (6.2), we can
compute the curvature tensor and torsion tensor. The tensor part of the torsion tensor admits at
most a two-dimensional linear isotropy group [3]. In order to realize a three-dimensional linear
isotropy group, this tensor t must necessarily vanish. The vanishing of the tensor part of the
torsion tensor gives

1 Qg

Wy =W, Wg = Wh, Ws =Wz + — — ——,
pr  af

The axial and vector parts of the torsion tensor are then

Wy = W,

1
A = 2IW,h! 4 2 h?, V = —3Wsh! — 3 (Wg - 6) h?.
T
The components of the torsion tensor and curvature tensor are not necessarily constant in
the current frame. We will consider a boosted frame {h,}2_;, where

A =20hY, VvV =-30Ch"
for some real-valued constants C; and Cy. We will consider the one-form
V =h' = (20)7'A = (-3Cy) V.

The boost parameter in equation (3.1) can be written as B = /(") and we can rewrite the
remaining components of the connection as

1
W1 = Cy sinh(f), Wy = C cosh(f), Wy = _ﬁ + Cosinh(f),

We = Ca cosh(f).

We will continue to work with respect to the boosted frame to determine conditions on the
remaining free functions using the covariant derivatives of h} and the Ricci tensor and the Weyl
tensor. In the case of the Weyl tensor, it necessarily must vanish as the largest linear isotropy
group for a non-vanishing Weyl tensor is at most 2-dimensional [16].

In order for the Ricci tensor to admit a 3-dimensional linear isotropy group, the following
component must vanish:

e_2f(e4f —1)(—afB, — Ba,)

iz = 2a33r

. (7.1)
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This vanishes if the boost parameter is unity (i.e., if f = 0) or if the vielbein functions satisfy
the following constraint, Dy = af.

Recall, when we started the analysis for this section we assumed 1 # 0 and chose coordinates
so that v = r. If we were to repeat the analysis here assuming fy = 7 is constant, then the
equivalent of equation (7.1) implies that a or 8 must vanish, and so it is not permitted.

(1)

af # constant and f = 0: If V «Vi admits a 3-dimensional linear isotropy group, then

Vng = 0 and we find the following condition —f(ln a), =0 Wthh 1mphes a = Dy,

and this may be rescaled so that D = 1, giving VV = 202( ’V‘ VV Imposing the

same condition on the Ricci tensor, we ﬁnd that f = +———, with the corresponding
/ 2

Ricci tensor and co-Ricci tensor, respectively, Darttl

R = (-207 + 203 - 2D,) (g — [V|2VV),
R = (2C:1Co) (g — | V| °VV) +6C1Co| V| >V V.

The Weyl tensor vanishes automatically and all other components of the Riemann tensor
are constants. The coframe and connection that gives these G'7 geometries are explicitly
given in Appendix A.

af = Dy and f = 0: We may rescale the arbitrary functions a and 3 so that Dy = 1. This
is a special case of the next case where f = 0. We will omit the analysis for this case and
note that the coframe and connection that gives these Gy geometries are explicitly given
in Appendix A, case 2 where f = 0.

af = Dg: Again, we may rescale the arbitrary functions a and g8 so that Dy = 1. By
integrating the numerator of the component V1Vs = 0 with respect to r, we find that
—2acosh(f) = D;. The vanishing of V1‘~/2 in combination with the equation 1 = af
implies that the vierbein functions are

D, 2 cosh(f)

=)y T D 0 T

Requiring that ng/g = V3‘73 = (3 gives

D1 Slnh(f)

=G 202 = r cosh(f)

= Cs.

Note that C3 = 2C5 is not permitted as this would imply D1 = 0 and hence a = 0, which
cannot happen. Solving for f gives

11n< 7“(2C2—03)+D1> ‘

f=3m\~rac,—ay) =

The Ricci tensor admits a 3-dimensional linear isotropy group if Dy = £2, while the Weyl
tensor automatically vanishes. Thus, the non-vanishing rank two tensors are

vV = Cy(g - [V V),
R = {2012 - 203(202 - 303)] (g—|V|>VV) - %(202 — C3)Cs| V|2V,
R = (_201(02 - 03))(g — ‘V‘_2\~7\~7) + 30103’{7‘_2\7{7.

The coframe and connection that yields these G geometries are explicitly given in Ap-
pendix A.
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8 Stationary spherically symmetric Riemann—Cartan
geometries and their G; subclasses

If we consider spherically symmetric Riemann—Cartan geometries that are stationary but not
static, a straightforward computation shows that X4 = —Cyd; 4+ r0,, with Cy # 0. As in the
static case, we find [X, X4] = 0 for I’ = 1,2, 3. Due to this commutator structure, the analysis
in Section 6 may be repeated to determine the coframe and the connection.

In the original coordinates, the coframe functions take the form

at,r) = a(reCLO), B(t,r) = B(reci())ecio, ~y(t,r) = 'y(reCLO).

We may choose new coordinates {t',r’,6, ¢} so that X4 = 9p. In this frame, the coframe basis
is then

h! = a(r)dt, h? = —/B(r")dt’ + B(r")dr, h? = ~(r')de,
h? = ~(') sin 6d¢, (8.1)

from which it follows that the vielbein matrix is no longer diagonal in this coordinate system.
In this coordinate system the connection one-forms are now

wig = W5(T‘/)h1 + W6(r')h2, w13z = W7(T‘/)h3 + Wg(’l"l)h4,
wig = —We(r')h® + Wr(r)h®,  wog = W3(r')h® + Wy(r)h?,
0)
- _ / h3 / h4 — / hl / h2 _ COS( h4. 2
woy = —Wy(r')h” +W3(r')h*,  wszq = Wi(r')h" + Wa(r') ~07) sin (@) (8.2)

8.1 G, Stationary spherically symmetric Riemann—Cartan geometries

In what follows, we will drop the prime on the coordinates and work in the coordinate system
where X4 has been rectified, so that X4 = J;. With the coframe and connection given in
equations (8.1) and (8.2), we can compute the curvature tensor and torsion tensor. We ask that
the tensor-part of the torsion vanishes in order to ensure that the linear isotropy group of the
torsion tensor is three-dimensional. This gives the following conditions:

1
Wy =W, Wg = Wr, Wy = W3 + 20— & W7:W6—%T+@+—.
By ap ay  af o«
Using these conditions, the axial and vector parts of the torsion become
1
A =2Wzh! +2Wih?*,  V=-3 <W6 By > h!—3 <W3 + 7””) hZ,
af  « By

There is a new frame {hfl};l:l arising from applying a boost in the h; — hy plane, where
A= QClhll and V = —3Cgh1/ for some real-valued constants C; and Cy. We find that for the
boost parameter in equation (3.1), B = ef ("), we have additional conditions on the components
of the connection,

Wi = Cysinh(f(r)),  Was=Cicosh(f(r)), Ws= —% + Cysinh(f(r)),
7B

We = of é + Cycosh(f(r)).

We will now work with respect to the boosted frame and determine conditions on the remaining
free functions using the Ricci tensor and the covariant derivative of V, where

V=h"=(20)"A = (-3C,)"'V.
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Computing the Ricci tensor, we find the following component must vanish if it is to admit
a 3-dimensional linear isotropy group

e 2f

2%y

Ryp = (e4f(rﬁ — a)2 —(rg+ a)2) (Boyryr — Bayer +aBry,r).

This vanishes if f = %ln(ggfgz) or v, = aBDy*.
2
We will first consider the case, where f = i ln( E:gfg;z ), and we will consider the components
of VoVp. In order for V.V, to admit a 3-dimensional linear isotropy group, the following must

vanish:

) i 7(527"2 _ a2) =2y, (7"252 _ oﬂ)
V3V3 — Vol = NNV e =0.

This leads to the following solution v2 = D (ﬂ2r2 — a2). We will choose the following para-

metrization for the functions

a = +/|D;|ysinh(g(r)), B= VIDily Cosh(g(r))’

r

From the condition on f, it follows that f = g. However, by computing the Weyl tensor, there
are components of this tensor of the form 4! and hence can never vanish. Thus, this tensor can
never admit a 3-dimensional linear isotropy group and there are no Gy solutions in this case.

The only possibility of attaining GG7 stationary spherically symmetric Riemann—Cartan ge-
ometries are if the coframe functions satisfy: «, = %—ﬁ. We will rescale the arbitrary functions «
and (8 so that Dy = 1. To continue, we will consider the components of V.V, and R, relative
to the boosted frame to get further conditions on the remaining functions.

Starting with the component VyVi, setting this to zero and integrating the numerator with

respect to r gives
2rBsinh(f) — 2accosh(f) = Dy, (8.3)

where D1 is an arbitrary constant of integration. Here, we can consider two subcases, when f #£ 0
and when f = 0.

(1) f=0:1If f =0, then we can write & = D;. Examining the remaining non-zero components
in V,V4, we have
2C5(y —rB)

2(C2D15 - B,rr - ﬁ) V3‘~/3 _ V4‘~/4 _ '
D3 ’ v

These components should be constants and equal to the same value VaVs = ViVs = Cs.
The second equation V3V3 = C3 requires that C3 # 2C5 as this would imply that 5 would
vanish, which cannot occur. Solving the first solution for 3, we find

VoV =

D3 (2C02-C3)—2

B = DQT 2 s 03 7'5 202.
Solving for v from this equation gives
D1(2C5—C4)
B 2Dy 1(2 22 3
20, —Cs

By rescaling the r coordinate, we can set Dy = 1. We will examine the components of the
Ricci tensor. In particular, we ask that Ros — R33 = 0 giving an algebraic condition on Dy
D? -1

4

(202 — 03)2?”_[)1(202_03) =0.
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Imposing that D; = £1, the Ricci tensor now admits a 3-dimensional linear isotropy group
1 ~ o~ ~ 3 . o~ ~
R = [_2012 — 10322 - 303)] (g—|V|>VV) - 105202 — Cy) |V V.

All components of the Weyl tensor vanish automatically. The Ricci tensor and co-Ricci
tensor take the form

1 ~ o~ ~ 3 o~ ~
R = [_2012 — 103(2(12 — 303)] (g—|V]| VV) - 103(202 —C3)| V] Vv,
R = —201(02 — 03) (g — |\~7‘72\~/\7) + 30103‘\7‘72\7\7.
In Appendix B, we summarize the coframe and connection that gives rise to the G7 sta-

tionary spherically symmetric Riemann—Cartan geometries listed below.

f #0: If f# 0, the algebraic condition in equation (8.3) implies that o and S take the
form

Dy g(r)

. _ Di(1— (1)
2 cosh(f)’ ’

b= 27 sinh(f)

The remaining non-zero components satisfy V,Vi = Cj for i = 2,3,4, this is now an
algebraic equation for g(r) with the solution

_ —sinh(2f)(C3 — 2C») n 1+ cosh(2f)
9= 2D, 2

Substituting this into the differential equation for v, v, = af, we can algebraically solve
for the boost parameter

89,7 2 /74(C3 — 2C5)* = 2D372(Cy — 2C3)2 + 649302 + D}

2f
€
D} +7%(C3 — 2C3)? — 4(C3 — 2Cy)

Using these expressions in the Ricci tensor, there is one additional condition that must be
satisfied before the tensor admits a 3-dimensional linear isotropy group

D? -4

remiatl

Roo — R33 =

Thus, D1 = +2 and now the Ricci tensor and the co-Ricci tensor take the form

3
4
R = —201(Co — C3) (g — [V 2VV) 4+ 301GV 2V V.

R=|-202 - 303(202 —3Cs)| (g— |[V|2VV) = SC3(20, — Cy)| V|2V,

The Weyl tensor vanishes automatically, implying that these solutions admit a G group
of symmetries.

9 Discussion

In this paper, we have discussed the development of symmetry techniques in Riemann—Cartan
geometries. While it may be natural to consider a modification of the Killing equations in
equation (1.1) to determine affine frame symmetries, the study of symmetries are more easily
developed using a frame formalism. In this perspective, the metric is replaced with a frame basis
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which diagonalizes the metric and the torsion tensor is replaced with the connection coefficients.
Then the generator, X, of an affine frame symmetry of the Riemann—Cartan geometry is an
affine collineation of the space where the Lie derivative of the frame basis with respect to X is
given by equation (4.1).

While these conditions may appear more complicated than the original formulation in terms
of the metric and the torsion, there are two tools that have been developed to investigate sym-
metries. The first tool is the Cartan—Karlhede (CK) algorithm, which was originally developed
to locally characterize a given Riemann—Cartan geometry in terms of invariants by determining
an invariantly defined frame. A natural byproduct of this algorithm is a simple calculation to
determine the number of affine frame symmetries in a given geometry. The second tool is the
affine frame symmetry approach, which expands the class of invariantly defined frames to sym-
metry frames and allows for the explicit calculation of all Riemann—Cartan geometries which
admit a desired affine frame symmetry group.

Using the symmetry frame approach, we have presented the construction of all spherically
symmetric Riemann—Cartan geometries and identified the subclass of static spherically sym-
metric Riemann—Cartan geometries. Then by employing the CK algorithm, we determined
conditions for a given static spherically symmetric geometry to admit a seven-dimensional affine
frame symmetry group G7. By explicitly solving these conditions for the frame basis and the
connection coeflicients, we determined all inequivalent static spherically symmetric Riemann—
Cartan Gy geometries, which are summarized in Appendix A below.

We note that this is one possible subclass of spherically symmetric G7; Riemann—Cartan ge-
ometries, and in the pursuit of determining all spherically symmetric Riemann—Cartan geome-
tries admitting a G7 group of affine frame symmetries we examined the stationary spherically
symmetric Riemann—Cartan geometries. These admit a timelike affine frame symmetry X4 but
the metric cannot be diagonalized in the same coordinate system, where X, has been rectified.
Repeating the approach used for the static case, we determined all inequivalent subclasses that
admit a Gy group of affine frame symmetries which has been summarized in Appendix B below.

In this paper, we have determined all spherically symmetric Riemann—Cartan geometries that
admit a G7 group of affine frame symmetries. More generally, since the maximal linear isotropy
group for the torsion tensor is at most three-dimensional, and can be realized as SO(3), SO(1,2)
or E(2), we anticipate there are G7 Riemann—Cartan geometries outside of the spherically sym-
metric class. This will be explored in future work.

A Static spherically symmetric G; Riemann—Cartan geometries

The connection one-forms for any static spherically symmetric G; Riemann—Cartan are

Wiz = W5(T)h1 + Wﬁ(T)hQ, w1z = Wﬁ(?")hg + Wl(r)h4,
w14 = —Wl(T‘)h3 +W6(T)h3, Wo3 = Wg(’r‘)h3—|—WQ(’r‘)h4,
0
way = —Wa(r)h® + Wi (r)h?, wsq = Wi (r)h! + Wy (r)h? — CO,S( ) h.
rsin(6)
(1) Case 1: af # constant and f = 0. The frame basis takes the form
1
h! = dt, h=+——dr, h? = rde, h' = rsin(h)do,

N

where the components of the connection one-forms are

v Dor? +1 24/ Dor? + 1
Wi=0, Wa=0Ci, Wy=aY220TL gy VIRTE L

r r
We = Ch.
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(2) Case 2: aff =1 writing k = i%, the frame basis is now

1
1—k22dt, hi=+ < dr.  h®=rdf,  h'=rsin(f)d
’ 1-— k2r2> ’ ,

with boost parameter

1 rk+1
S =
B=¢&": f 2ln<1—rk)’

where the connection one-form components are

Cik C V1 — k22 Ok
Wl:177“’ Wy = —— W3 =+ 7‘+ 2 ;
V1 —k2r2 V1 — k2r2 r V1 —k2r2
E2r Cokr Oy
Wi

= - Pl W: *
VIR VIR VT

B Stationary spherically symmetric
G Riemann—Cartan geometries
Relative to the coordinate system, where X4 = 0; defined in Section 8, the coframe is then

h! = a(r)dt,  h®=—rB(r)dt+B(r)dr, h3=~()ds,  h?=~(r)sinbde,

while the connection one-forms are

wig = W5(7")h1 + Wﬁ(T)hQ, w13 = W7(7“)h3 + Wl(r)h4,
w14 = —Wl(T’)h3 + W7(T)h3, Wo3z = Wg(’r’)h3 + WQ(T)h4,
0)
S h3 h? - h 2 0 4
w4 Wa(r)h® + W3(r)h®,  wsg = Wi(r)h' + Wa(r) () sin(0)

(1) Case 1: f =0. The coframe functions takes the form

+(2C3—C3)
£(2C3—C3)—2 2r 2

o = j:]_7 = ’[”f? =
B 7T a0, — Oy
where C3 # 2C5. The arbitrary functions in the connection one forms are then

1
Wi=0,Wo=Ci,  Wy=— (20— Cor 20wy =0,

1 1
W6 — 503, W7 - 503

(2) Case 2: f # 0. The coframe functions takes the form

_ Ee) _A-gt)
= cosh(f(r)’ B rsinh(f(r)’ v(r),

where v is an arbitrary function of r and ¢ is defined as

+vsinh(2f)(Cs —2C3) 14 cosh(2f)
7= 4 * 2
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The boost parameter is then defined as

8,1 & \/74(03 — 2C5)t — 892(C3 — 2C3)? + 647212 + 16
a 4+ ’Y2(03 — 202)2 — 4’)’(03 — 202)

€2f

The remaining functions of the connection one-forms are then

Wy = Cy sinh(f), Wy = C4 cosh(f), W3 = _r + Cysinh(f),

By
. Qr rB, 1
W5 = Cysinh(f) — a’ﬂ, Wﬁz—ﬁ—o’é—a—i—Cgcosh(f),
W7 = Cycosh(f) — %
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