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Abstract. Hyperconical universes can be represented by means of an inhomogeneous
metric with positive curvature and linear expansion, that is isomorph to flat universes
with acceleration thanks to an appropriate transformation. Various symmetry
properties of this metric are analysed, primarily at the local scale. In particular, the
Lagrangian formalism and the Arnowitt-Deser-Misner (ADM) equations are applied.
To this extent, a modified Gravity Lagrangian density is derived, from which the
comoving paths as solutions of the Euler-Lagrange equations leading to a stationary
linear expansion are deduced. It is shown that the evolution of this alternate metric
is compatible with the ADM formalism when applied to the modified Lagrangian
density, thanks to a redefinition of the energy density baseline (according to the global
curvature). Finally, results on symmetry properties provide that only the angular
momenta are global symmetries. The radial inhomogeneity of the metric is interpreted
as an apparent radial acceleration, which breaks all the non-rotational local symmetries
at large distances.

Keywords: Modified Lagrangian density; Hyperconical Universe; Symmetry.
PACS numbers: 04.20Fy, 04.90e

1. Introduction

1.1. Motivation

The standard ACDM theory is based on the assumption that General Relativity (GR)
and the Einstein field equations are valid for the Universe as a whole. Moreover,
hypothesis of homogeneity and isotropy are taken to choose the family of possible metrics
for the Universe [1]. Modified f(R) gravities and f(T, R) extended teleparallel models
attempt to generalise the frame by assuming that local limit approaches to the GR
2, 3, 4, 5]. Moreover, if the homogeneity hypothesis is not imposed, it is possible to
explain the accelerated Universe’s expansion by using alternatives such as the timescape
cosmology of Wiltshire and others, or models based on back-reaction effects of cosmic
inhomogeneities [6, 7, §].

At the local limit, the ACDM theory uses the Friedmann—Lemaitre-Robertson—
Walker (FRW) universes, which consider that space and temporal factors are separable
[9]. Let  be spatial coordinates of the Universe; so they can be rewritten by using
comoving coordinates 7 and a scaling factor a(t) varying with time ¢. For instance, if
we choose a Universe characterised by S%, := {F eRY: |0 = R(t)}, i.e. an expanding
3-sphere of radius R(t) € Ry and centred in the origin (singularity in ¢ = 0), the
scaling factor is a(t) = R(t)/R(t,) and total spatial coordinates are ¢ = a(t)f’ € S3.
Therefore, the line element contains both spatial and temporal differentials, i.e., df =
a(t)dl’ + ¢'da(t). If the second term is absorbed, a radial inhomogeneity appears in the
spatial term. It follows that the FRW model does not include the simplest expanding
3-sphere according to R(t) = t, embedded in R®. If the Hubble parameter is defined as
H := a/a, this linear expansion corresponds to H = 1/t, which is compatible with the
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empirical age of the universe [10, 13, 11, 12]. For this reason, alternative cosmological
models are based on the equality 1/H = ¢, such as the Dirac-Milne model and the
inhomogeneous hyperconical model [14, 15, 16, 17]. However, symmetry properties of
these universes have not been analysed yet, so it is necessary to explore conserved
quantities and contrast them with physical observables.

The aim of this paper is to analyse the symmetry properties of a radially
inhomogeneous hyperconical model according to the Killing vectors of the metric, the
Lagrangian formalism and the Arnowitt-Deser-Misner (ADM) equations [18, 19, 20].
This work expands new results obtained from the family of metrics proposed in [16, 17].
The model is also based on the same hypothesis of linear expansion as [14, 15], but
analyses the curvature tensor according to the point of view of a hypothetical observer
located in the hypersurface of an expanding universe (hypercone section), which can
have both positive or negative curvature. This contrasts with the Dirac-Milne universe,
which assumes a zero or negative curvature in a classic FRW metric [14].

Assuming hyperconical universes with linear expansion, isotropic but radially
inhomogeneous metrics are obtained by transformations that preserves the proper time.
These metrics are compatible with observations of luminosity distance of 580 SNe Ia
from the Supernova Cosmology Project [16]. Moreover, there exists a family of locally
conformal transformations that lead the (linearly expanding and curved) metrics to
become the flat FRW metric, absorbing the spatial inhomogeneity as an acceleration
in time. That predicted a dark energy density about 2, = 0.6937181(2) (presented
in [17]), compatible with the standard-model-dependent observation (24 = 0.690(6))
[21, 22]. The relation between radial inhomogeneity, Lagrangian curvature terms and
effective dark energy is also found in other modified gravities, but without a prediction
of its value [23, 24, 25, 26, 7, 27].

In order to present new results, this work requires some previous sections.
Specifically to remind notions of local symmetries under Lagrangian formalism, the
paper firstly revisits generalities on Field Theory and the ADM formalism. The second
section is a summary to describe the Inhomogeneous Hyperconical Universe model, and
the following sections show results on the modified Lagrangian density for that universe
and the local symmetry properties. Finally, main conclusions close the paper.

1.2. Generalities on Field Theory

To fix the notations used in this paper, it is required a brief reminder of generalities
on the classical Field Theory. Let M be a spacetime manifold with the target space C
determined by the values of the fields at arbitrary points. Taking m real-valued scalar
fields, ¢1,. .., ¢m, the target manifold is R™. We assume S[¢] is the integral over M
of a function called Lagrangian density £, which depends on ¢, its derivative and the
position, L£(¢,0,¢,x"). Note that the classical Lagrangian L is the volume integral of
the Lagrangian density £, i.e. L = [d"zL. The action functional S : C — R, is given
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by:

Sl6l = [ £lola),By0(z). )" 1)

M
In addition to this, some boundary conditions are required The Euler-Lagrange
equations are:
oL oL
ol —— ] —=—==0 2
(a0.37) ~ 2

Definition. A solution subspace of C is called an on-shell solution if it consists of
functions ¢ such that all functional derivatives of S at ¢ are zero, that is:
3S[¢]
0¢()

and that ¢ satisfies the given boundary conditions. If a functional derivative D can

~ 0 (3)

be lead to off shell, we say D generates an off-shell symmetry. If this only holds on
shell, we say D generates an on-shell symmetry. Then, we say D is a generator of an
one-parameter symmetry Lie group [28].

Theorem. (Noether current) Given an infinitesimal transformation on C, generated by
a functional derivation D such that

D l /M cd%} _ /8 P9(2). 060001 ds, (@)

for all compact manifolds M, i.e. D[L(x)] ~ 0,F"(x) for all x, where we set
L(z) = L[p(x),0,p(x), x]. Then the following quantity:
oL
JH = ———D|¢p| — F* 5)
T )

satisfies the continuity equation 0,J" = 0.

Therefore, J* is the Noether current associated with the symmetry. If we consider
noncompact manifolds M with currents fall off sufficiently fast at infinity, the current
can be integrated over a space-like slice X. In this case, the continuity equation implies
that we get a conserved quantity Q called the Noether charge:

Q= /X J'd®x (6)

1.8. ADM Formulation of Gravity

In this work we denote by R} := (R™*! 7, ,) the flat Lorentzian manifold, where the
metric tensor is given by 7, := diag(1, —1, ..., —1). Taking n = 3 and normalising the
gravitational constant 167G = 1, the general action should be:

5= / dhey/=g (f(R) + Lar) = / o/ 5 (R— A+ Lar) (7)

where R is the Ricci scalar curvature, A is the cosmological constant and L), is the mass
term. In fact, f(R) can be the standard Lagrangian density (R — A) from the Einstein-
Hilbert action, or can be any function of modified gravity depending on scalars built using
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the Riemann curvature tensor R 5, Or the Ricci curvature R := g‘”Rfth among others,
or using torsion tensor f(7') like in parallel gravities [29, 5]. With Gup := Rag — gapR/2

being the Einstein tensor, the field equations are given by:
Gag — Agag = 87TGTa5, (8)

where T,5 := —26L11/69%° + gapLas is the stress-energy tensor. If the space-time of the
universe is foliated into a family of space-like surfaces, we can introduce a Hamiltonian
formulation according to the Arnowitt-Deser-Misner (ADM) formalism [18, 19]. This
is useful because, from the Hamiltonian ‘H := pq — L, a set of equations of motion
can be obtained for the generalized coordinates ¢ and momenta p as ¢ = OH/Jp and
p = —0H/dq. Still according to the ADM formalism, the spatial submanifold can be
interpreted as an embedding into the global space-time and thus the metric elements
can be separated in a temporal part goy and another spatial part g;;. Moreover, ADM
takes £); = 0 = A and then Lagrangian density can be rewitten as:

where [ := (¢°°)71/2 is the lapse, I; ;== go; is the shift, 7 are conjugate momenta, h is
the Hamiltonian constraint and s° are auxiliary momenta:

T = V=g (ng - gpqrgsgrs> gipgjq (10)
1 (1
h = — @RZ — \/g (57T2 — T ]ﬂ—ij) (11)
) . 1., :
— lojﬂ'w — ilmﬂ- -+ VZ\/ —g (12)

where I := ¢% /g% 7 == gigym™, ™ = g7, g := det g, is the determinant of the
metric and g, := det g;; is the determinant of the spatial metric. The ADM equations
for the metric evolution are:

1 1
8tgij =2 (ﬂ'ij — —ngj) + Vz‘goj + VjQOi (13)

V= ™

In this context, it is of special interest to study the evolution of the metrics with nonzero
lapse (goo # 1) and shift (gor # 1). A particular case is given by an inhomogeneous
universe built from an appropriate transformation of the hyperconical metric (Sec. 2).

2. Inhomogeneous Hyperconical Universe

2.1. Hypothestis

A summary of the used model is described in this section, according to [16, 17]. Let
M C R}]"L be a support manifold contained in the 5-dimensional Minkowski space, more
specifically M := (Rsq X R*,7; 4), with inner product (-) given by the usual Lorentzian
metric 7 of signature (1,4). In order to restrict the 5-dimensional support manifold
M to the 4-dimensional H*, we take into account a constraint based on a hyperconical
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universe with linear expansion. More specifically, we focus on an expanding distance
between two points X, O € M as a function of an observable time ¢ € R>g:

HY = {X eM:|X-0|,, = 6015} . (14)

Here 3, € C is assumed as a constant with respect to the time ¢ € R but dependent
on the chosen origin O € M.

Let C := (ToM, I4,m 4) be a coordinate system or chart such that the coordinates
of the points X,0 € ToM are respectively X = (2%, ...,2%) and O = (0,...,0), with
the identity I; mapping. However, the coordinates of X are rewritten as (tx, 7, u) for
convenience, where 7 := (z!,2?, 23) € R? is the ordinary 3-vector, u := z* € R is the
additional spatial dimension and tx := z° € Ry is the time dimension. Choosing
t = tx, the condition of the hypersurface H* is now vt? — 72 —u? = 0 with v? := 1 — 2.
Note that the hypercone with v > 0 is an asymptotic limit of hyperboloid manifolds.

7 — u? = o with constant o # 0, the spaces

In fact, if the constraint is taken as t? —
are known as de Sitter universes [30, 31]. Moreover, H? is not a Dirac-Milne universe

because it admits positive spatial curvature.

Remark. The manifold (H*, 7, 4) is spatially homogeneous. The homogeneity of H* is
verifiable because it can be foliated by spatial hypersurfaces ¥; such that, for Vp, q € ¥,
and Vt, there exists a transformation (diffeomorphism) carrying the point p to point ¢
and leaving the metric invariant. In other words, a spheroidal submanifold S? can be
defined for each time t as the intersection between the hypercone H* and the isochronous
hyperplane at this time ¢:

S8 .= {(Fu) eR': 7 4 u? = 22} C H! (15)

That is, the time coordinate ¢ is considered as the age of the universe (radius)
and the t-isochronous 3-spheroid S? could be homeomorph to our expanding spatial
universe (Eddington idea), locally conformally flat. Consequently, the universe manifold
is globally hyperbolic, i.e, each S} is also a Cauchy surfacef [32].

Remark. The manifold (H?, 7, 4) is spatially isotropic. Note that H* can be covered
by a set of timelike curves {X|,} € H* and Vp € X|, and Vo, w € T,S} orthogonal to
X, there exists a transformation (diffeomorphism) leaving fixed p and carrying v to w,
and leaving the metric invariant. These curves {X|,} are called comoving observers.

The expansion of the universe is an absolute movement with respect to the point
O = (0,0,0)¢, which is fixed (respect to chart C'). Therefore, the minimum movement
of “particles” corresponds to the comoving observers with coordinates (t, 0, vt)e C HE
These particles are interpreted as paths at rest with respect to the expanding universe

S

I A Cauchy surface is any subset of space-time which is intersected by every causal (timelike) curve
exactly once.



Lagrangian density and symmetries of inhomogeneous hyperconical universes BTEX 227

2.2. Moving charts

2.2.1. Problem on measuring proper time According to an expected equivalence, an
observer that lives in H* will measure local distances as in the Minkowskian space
R,? := (R*m3). Therefore, the proper time must be the same. For instance, let
To, T € ]R}]’?’ be two static points of an observer with coordinates xq = (to,ﬁ) and

= (t,0) with 0 < ty < t. Their extended points in H* are 2o/ = (to,0, vty) and

= (t, 0, vt), as we can take spaces R}ﬁ’ that intersect to H* at points o and z. We
infer that there exists a smooth map f : (H* \ {O},m4) = (Rso X R?, g) := R}* such
that the metric ¢ inherits the form of H* but produces the same local (7= 0) distance
at rest in R} as does for R}, As 2 and g are at rest for definition in R}*, the distance
turns out to be the proper time of the observer:

t—to = |2 — ol = | — a0ly = 1) — F(ao)), (16)

2.2.2. Physical solution Let y'(t) = (t,7vt), 2'(t) = (t,0,vt) C (H* n4) be two
comoving paths, considering the second one as an observer, i.e. taking y; := v/(to)
and xj = 2'(tp) as a point of the past. If the observer performs measurements in t,
and ¢, there exists a deformed path y”(t) := T;/(t) intersecting in H* during these
measurements, with changes in 0 < ty < t due to a Deformation Operator, T;, such as

Te: (H ) — (M,ma) CRY? (17)

yo' = (to, s(to)) — v (t) := (tg, %S(t0)> cM (18)

—

where ty € Ry and s(t) := (7(t),vt) C R* are respectively the temporal and spatial
components of the path y(t) = (t s(t)) = (t,7,vt) C HL.

With this, " = 2’ and zy" = (t0,6 t) € RY. Now, the u-component of the
difference 2" — " is zero, and the proper time is the same that Eq.( 16). Therefore the
metric g of H* is induced by the differential line of 2’ — z” in RM:

|d (z = z0))[; = |d (f(z') = f(w"))], = |d (' =z )Ifm (19)
where the morphism f : (¢,7u) — ({,7) € R!# can be chosen such that #(7,t) = ¢,
7?(77, t) = 7, Vi? < v?*? satisfying the constraint condition of H*. However, it is possible
to use other projections.

Let /(t) := (t,0,—vt) 3 O be antipodal in S} of the comoving observer z/(t) =
(t,0,vt), with t € Rsg. [17] analysed the locally conformal family of azimuthal
projections f* : T; (S7 ~ {y'}) € Rp* — Rp* for the angular coordinate v € [0,7x),
mapping (¢,7,u) — (f2(t,7), f&(t,7) = ({,7) € RL? with:

= a L Y 7

7= f(t,T) = Vt(l — ”y/’y;c)akr (20)

t=frt.n (21)
where fg(t,ﬁ) =t k = r/r, r = |l , «a is the distortion parameter, and
Y = sin"'(\/k —k2/4) € [r/3, m) is a domain limit according to the parameter

k:=v~2 € (0,1]. Note that it can be also defined the comoving vector 7 := (t5/t)7.
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The above discussion Eq. (16-19) is equivalent to saying that the observer fixes
time coordinate for measurements using a initial time 5, but it is moving with respect
to O := (0,0,0). Thus, its reference line is O = Tix'(t5) = (t5,0,vt) C M (note that
9) ¢ H* except at t = t;). This reference line allows us to define the notion of moving
charts.

2.8. Metric tensor

Let X C H* be any curve. The differential line element dX is easily obtained knowing
that dr” can be decomposed in spherical coordinates as dr’ = dr’ k. + r'dY k;, where
A5 ks, := dO'ky + sin H’quk; is orthogonal to radial direction . According to Eq. (19),
and since dt; = 0, the non-zero elements of the metric ¢ for the reference O are:

goo =2k1(b—1)+1 (22)
a2

Grr = _ﬁ (23)

900 = —a’r’” (24)

Jop = —a’r'*sin® 0 (25)
/

dor = —Z—Tb (26)

where b := /1 —kr?/t2, k™' :=1? =1 — 3% and a := t/t; is the scale factor (see
more details in [16]). Note that if 7;, is used instead of 7y, it is obtained a static metric
equivalent to the FRW universe but without expansion.

Symmetrical spatial elements g;; obtained from Eq. (22) are compatible with some
FRW metrics, but elements gog # 1 and go. # 0, respectively, imply lapse and shift
terms, as in the ADM formulation of gravity [19]. To compare g with the FRW metrics, a
diagonal version of the metric is given by the coordinate change ¢’ := t/2k~1(b — 1) + 1,

which is equivalent to selecting ¢, = 1, g;, = 0 and:

2 -1 2
/ Yor ’, N2 1 -k (b — 1)
= gy — 2L = —a(t, 27
I I oo alf’,) D2(2k=1(b—1) + 1) (27)
9o = —a(l', V" sin0 (28)
Ghe = —a(t' 7" 1" (29)

where a(t',r") = t'/(tsn/2k~1(b— 1) +1). Despite this, important differences remain
in the FRW metric. Result is an inhomogeneous hypersurface similar to the Lemaitre-
Tolman-Bondi (LTB) type [33, 34], but with the same factor scale a for the radial and
angular components of the metric (in contrast with the LTB universes, that distinguish
between angular and radial expansion). Differences are also found comparing with the
McVittie metric, which is an asymptotically spatially flat FLRW metric for largest
distances. [35]

To compare with similar FLRW metrics, we can see that the t'-isochronous
hypersurface is similar to a paraboloid, in contrast to the homogeneous hypersphere
given by the t¢-isochronous (Fig. 1).
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Metric tensor constructed from O describes a universe with linear expansion,
directly proportional to its age or time, . With this, the Hubble parameter is defined
as H := a/a = 1/t. The most current value of the Hubble parameter is H, = 1/t;
and, taking the age of the universe as t; = (1.380 & 0.004) - 10 years [21, 22|, it is
obtained a value H, = 70.940.2 km-s~'-Mpc ™' compatible with the local observations
[16, 36, 11, 12].

2.4. Ricci scalar curvature

Let R,p be local coordinates of the Ricci curvature tensor defined for signature (1,3),

Rog = RZMB - aﬂrgﬂ — Ol + F;‘MFZB N Fgﬁrgu (30)

where I'},; are the Christoffel symbols.

It is found that the manifold is only maximally symmetric in the spatial components
(Rij = 1/3 - Ryg;;) at a local scale (' = 0, i.e. b = 1). In this case, the spatial part
of the Ricci tensor R;; approximates to R;; & —2k(a/a)?*g;;. This contrasts with the
non-accelerated case for the FRW metric, i.e. REFW = —2(a/a)? gERW — 2K /a?g5RW
where K is the FRW curvature. Taking the Ricci scalar curvature, obtained from the
trace R := R,

?

R C6K220— (20 + 1) + k-1

2 (20—-0*+k—1)2

local limit (r' = 0) leads to the simplification R ~ —6k/t* = —6/(vt)?, as a 3-sphere (of
radius vt) embedded into R, like in the Anti-de Sitter spaces. For the local universe

(31)

with k& = 1, the Ricci scalar corresponds to the case of FRW metric with linear scale
factor a = t/t; and curvature K = 0, i.e., this is apparently flat under the FRW view.

Despite the assumption of linear expansion with constant factor 3,, this expansion
could depend on the spatial coordinates (7, u(7)), of course excluding the time ¢, and then
a most general constraint is | X — O|77 = [B(r,u)t. In this case, the resulting curvature
k=1/(1—p(7,u)?) also depends on the spatial coordinates. However, we can normalise
the local limit as £(0,u(0)) = 1.

a) b) ]

Figure 1. Isochronous hypersurfaces normalised to universe age scale (t; = 1)
for: a) Linearly-expanding homogeneous space (t-isochronous), obtained considering
coordinates such that go- # 0 and gop # 1; b) linearly-expanding inhomogeneous space
(t’-isochronous), obtained considering coordinates such that gp, = 0 and g, = 1;
c¢) apparently-accelerated flat FRW universe according to locally conformal map
(distorted azimuthal projection oz = 0.28, Eq. (20))
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3. Results I: Derivation of modified Lagrangian density

3.1. Local Friedmann equations

According to the new theoretical frame, a modified Lagrangian density can be obtained
from the local Friedmann equations, assuming GR valid for that scale. While most of
studies find the Universe metric as a solution of the Friedmann equations, the work
of [16] found new Friedmann equations and the value of the energy parameters as a
solution of the proposed inhomogeneous ”void” metric. Locally, equations with positive
curvature (k, = 1) is compatible with the flat FRW case (assuming linear expansion).
Additionally, taking pe.i(t) = po + pa, Where pei(t) := 3k, H?/87G and pp := A/87G,
the hyperconical model leads to:

ko
47TGpo(1 + w) = t_Q (32)
1+ 3w
A2 =k, 33
1+ w ( )

where w is the parameter of the matter state equation. If A is finite and constant, it
is obtained that A = 0, G is constant, and w = —1/3 for any time ¢ [16]. In addition,
if mass is homogeneously and isotropically distributed throughout the Universe, we can
define a mass function m(r) := 4mwp,r3/3, and Eq. 32 can be formulated as:

ko 81Gp, 2Gm(r)

A = 4

12 3 3 (34)
Note that for k, = 1, we get 7 = r/t = \/2Gm(r)/r, i.e. Hubble’s law is an escape

velocity. If this approach is considered for the spatial components of the hyperconical

metric, g, = —a(t)?/(1—7r?/t?), it locally approaches to the Schwarzschild components,
grr = —a(t)?/(1 — 2Gm(r)/r), as expected for inhomogeneous metrics (e.g. LTB and
McVittie metrics [33, 35]).

Summarising, inhomogeneous metric with a locally valid GR leads to Q) =
pr/perie = 0, but if that metric is projected on a flat FRW metric (forcing GR to
be generally valid), the inhomogeneity is absorbed as an acceleration and dark energy
is Q) = 0.6937181(2) ([[17]]).

3.2. Modified Lagrangian density

From the assumption that GR is valid at local scale, it follows that the expansion of the
Universe is compatible with the equation of state w = —1/3 for the energy density, i.e.,
Po = Perit and P, = —perir/3 [16]. This simplyfies the Einstein field equations to:

Gap = 871G Tz = 871G (T%5 + T™0s) (35)

where 1™ .5 is the stress-energy tensor of the ordinary matter-energy and 7°,5 =
(Po + Po)Uatip — Dofap s the stress-energy tensor of the background space-time, with
w = —1/3 and energy density equal to p.i = 3k,/87Gt%. We deduce the total
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Lagrangian density as locally equal to:

1 6k,
Lo <R+ t2>+£M’ (36)

where L), is the Lagrangian term of the ordinary mass-energy. Note that the curvature
term R + 6k,/t* corresponds to the local difference between the total Ricci curvature
R and the local limit of the Ricci curvature estimated for the empty hyperconical
universe, R, ~ —6k,/t>. Therefore, a modified gravity is required for the general case.
The simplest modification for the Lagrangian density is given by the general difference

AR := R — R,, that is
L=——+ Ly, (37)
T

which corresponds to a simple type of modified gravity Lagrangian density, which leads
to equations similar than those obtained using a flat FRW universe.

The modification of the Lagrangian can be interpreted as a redefinition of the energy
density baseline or “vacuum energy”, given by the global curvature R,, i.e. the critical
energy density.

4. Results II: Analysis of Symmetries

4.1. FEuler-Lagrange equations

Let S be the action functional for describing the hyperconical manifold H* embedded
in M, it corresponds to a constant m # 0 multiplied by the distance 7 := |X — O/, of
the relative path of X — O € M under the metric n, and the Lagrangian L coincides
with the constant product mp,. That is,

Slr(t) = | mdr = /0 Bt (38)

This retrieves the constraint | X — O|, = B,t, viewed under the chart C. However, if
a path x = z(t) C R;’g’ is analysed respect to the chart D, the new action is given by
7(t) = |z(t)l,:
t dz® dxP Pm e e
S[X®)] = wp————dN 2 | —gap2®2Pd 39
X0 = [ oG G [ Goietar (39)

where z# := da* /dr, and it is used the homomorphism between the extremal §,/e =0
and ide = 0. Therefore, the Lagrangian functional for R}® can be taken as L =

% gaﬁiaéﬂ . Euler-Lagrange equations provided by the above action are the corresponding

geodesic equations ¢ = —Fgﬁiaiﬁ , being I'? ; the Christoffel symbols of second kind,
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the non-vanishing ones being:

a

I = 55;1 (40)
0 . a  k(1-b)
Fj T k-1 (41)
1kr b+k-—1
" =___ 42
" P2+ k—1 (42)
bt (k= 2)b + b3
T _ 2
I, = —7r'sin”0 ST — (43)
b+ (k—2)b* + b
r o
Fos I R (44)
1
T =T5, = w (45)
sz = —sinfcosf (46)
%, = cotf (47)

Angular velocities # and ¢ remain spherical symmetry as in the flat Minkowski
universe. However, time and radial coordinates present a flux:

- k(1—b) ¢ (;,2 . r,aé@) (48)

S22 +k—182\?
7’:/__ ;_é_ blz_zg(b_‘—k_l);ﬂ b+(k_2)b2+b3r/é2 (49)
Tt 22—+ k-1 20— 0>+ k—1
where 72 = —giiii:.ci is the square of the spatial velocity, and it is taken H := a/a = 1/t.

The local limit (r'/t; << 1) without rotation (¥ = 0) for Eq. (48) is only non-zero at
the third order, and Eq. (49) is non-zero for the first order:

oo /{:7"275.,2

57 r (50)
o 2e,® l{? /o
AR — ;r’t — t—ZT'Q (51)

where = dt/dr := =, and therefore T = ~%, while 7 = ~# and 7' = F2(1" + A1).
Considering 7’ ~ ~2r, and taking the comoving relation ' := (t,/t)r, Eq. (50) and (51)
are approximately:

As might be expected, the comoving case (- = r/t) is a solution of the Eq. (53), for
which the linear expansion is stationary (¥ =0 = %).
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4.2. Modified Gravity and ADM equations

Applying the Einstein field equations to the studied metric, it is obtained that energy
density of the local universe is equal to R, ~ —6k,/t* in appropriate units (see 3).
According to this, total Lagrangian density of our universe is given by the following
modified gravity action:

S = /d‘*xc = /d4x\/—_g (R— Ry, + L) (54)

where L;; is the term of mass.

As space-time is foliated into a family of space-like surfaces ¥;, the spatial submanifold
can be interpreted as an embedding into the space-time (in our case H*). And therefore,
the ADM formalism can be used to obtain a set of equations of motion for the generalised
coordinates, which corresponds to the spatial elements g;; of the metric (see Sec. 1.3).

We consider the local limit

6]{:0 ko ii 2
R, ~ — 2~ 5 (97 0:9:5) (55)

and then Lagrangian density can be rewitten according to ADM formalism (Eq. (9)),

but with an additional term from the curvature R,:

,C = —gijﬁtwij + lh + 2li7Tij;j — 28181 + \/—_gRu (56)

00)—1/2

where [ := (g is the lapse, l; := go; is the shift, h is the Hamiltonian constraint

(Eq. (11)), s is an auxiliary momenta (Eq. (12)), but 7% is now the modified conjugate
momenta (which slightly different to Eq. (10)):
OR, }

A = /=g {(ng ~nal'n0”) 979" = oS
1]

where ¢ := det g, is the determinant of the metric, in contrast with g, := det g;;, that

(57)

is the determinant of the spatial metric.
For the studied metric, Eq. (41) is locally as I'Y; = —g;;(kor'®)/(2t3t) and therefore
Eq. (57) is simplified as:

kor'?

Ve —9i 55, §i0mm

w v | (ot + 000
kogii kor 2 kogii ii

~V—g ( " 2) ~ 2V =g = V=gko(9")*Drgii (58)

t 2 t

l{?OT’/2
2
12t

) (9")% + k’o(gii)zatgz‘z} ~

where the metric determinant is locally g ~ g, ~ —a(t)%r"*sin? 6, since ¢g°° ~ 1. The

ADM equations for the metric evolution are given by the Eq. (13), and using that
i = Giagipm® and g;; = 0 for j # i > 0, it is obtained that 7; = mg; = 7'g;;%. That is:

1
NhGii = —F— W

Trivially, it is obtained that:
ko, =1 (60)

T g + 2Vigos (59)
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where it is used that the covariant derivative of the shift g, is locally zero:

a a?

VTgOT = arQOr - Fgrgrr - F:rgOT ~ _; + ? = 0 (61)
Therefore, the evolution of the used metric is compatible with the ADM formalism

applied to the modified Lagrangian density L.

4.3. Killing Vectors

As is well known, the Killing vectors K* correspond to the infinitesimal generators of the
isometries of the metric tensor [37, 38], hence, in terms of the Levi-Civita connection, we
have the identity ¢(VxK,Y) = g(X, Vy K). In local coordinates the Killing equation
is given by

V.K, +V, K, =0. (62)
An important property of the Killing vectors is the conservation of a quantity () respect

to the affine parameter A, i.e. dQ/d\ = 0, where:

dzt
Q= Ry

Note that this quantity corresponds to the Noether charge conserved by the coordinate

(63)

transformation
at — ot 4+ dpt(N) = 2t + KPdA (64)

and one can identify ) = K*nr, where 7, := 0L/0%" is the generalised momentum and
L is the Lagrangian functional in Ré’?’.

For our case, the first Killing vector is determined by the independence of the metric
Eq. (22) with respect to the coordinate ¢, hence Ky = 55@ = (0,0,0,1). The other
two Killing vectors, resulting from the angular symmetry, can be obtained from Eq. (62)
as Ky = (0,0, —cosg,cotfsing) and K = (0,0,sin¢,cotfcos¢), respectively.
These vector fields are easily seen to generate a copy of s0(3) the angular momenta
Ciy = gu K é‘i)dx” /d\ are preserved, according to Eq. (63). For simplicity, we choose the
coordinates with 6 = /2, so that the direction of angular momentum is on the z-axis
(i.e. # =0) and thus the motion is in the xy-plane:

d d
lay = a(t)Qr’Qd—i) = rzd—f

where for computational convenience we use that r = a(t)r’ and A = 7.

(65)

Concerning the translation symmetries, we have to distinguish between local and global
symmetries. Spatial translations are clearly not global for the analysed metric, but
a temporal translation is found for the static conformal metric ¢’ given by d\? :=
a(t)~2dX?, i.e. changing the time coordinate as dn := a(t)~*dt. The time-like conformal
Killing vector is thus K,y = d,. This implies the conservation of the energy

)% = (267" (b(r') = 1) + 1) d (66)

B() = g, KL, -
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in a static universe. Note that, locally,

E(r') =~ (14 29(r"))~, (67)
where 20(1') = —r*/t2 and v = dt/dr = dn/d\. If we take into account the
relation between r'?/tZ and the density of the Universe (see Eq. (34) in the Appendix),
then Eq. (67) can be interpreted as an analogue to the potential gravitational energy.
Spatial translations close to " ~ 0 are local symmetries for the three orthogonal
spatial directions z%, with i = 1,2,3, where 2! := r'sinf cos ¢, 2%’ := r’sinfsin ¢,
% := 1" cosf. As the metric is locally flat for these coordinates, the space-like Killing
vectors are trivially K(;) = 0y, and the linear momentum conserved is P* = a(t)dz" /dr.
Finally, the three Lorentz boosts By = x'dy — td; are symmetries for the ordinary
coordinates z' = a(t)xz”. Summarising, there are 10 = 3 + 1 + 3 + 3 Killing vectors of
either global/local type, corresponding to the three global angular rotations K(;, the
temporal translation K, for the conformal static Universe, as well as three local spatial
translations K(;) and three local boosts B(; as it is locally found in GR [37].

5. Conclusions

This work explores some of the symmetry properties of inhomogeneous hyperconical
universes. The metric tensor is obtained assuming that the Universe expands linearly
and independently of its matter content. In particular, we assume that any observer
is placed on either a 3-spheroid or 3-hyperboloid with radial expansion (4-hypercone).
The key assumption is that the proper time of each observer is preserved, and thus fixes
an initial reference time, even though its position varies in time due to the expansion.

The Lagrangian analysis for the proposed model is in agreement with the
observations. The comoving trajectories are solutions of the Euler-Lagrange equations,
corresponding to the trivial case with stationary linear expansion. However, for the
ADM formalism, we require a modified Gravity Lagrangian density in order to ensure
that the evolution of the metric is consistent at local scale, obtaining positive curvature
of (k =1). This is also consistent with the best prediction of dark energy density, also
found for k£ = 1.

With respect to the Killing vectors, it is shown that the angular rotations are global
symmetries, while spatial translations are merely local symmetries. The corresponding
preserved linear momentum presents a scaling factor a(t), as expected. Finally, the
three Lorentz boosts are also local symmetries (for the ordinary orthogonal frame).
For the most of the analysed cases, the symmetric properties are referring to the
local case and assuming that the parameter k(r,u(r)) = k, is globally homogeneous
(leading to a radial inhomogeneous metric). That is, the proposed model should be
understood as an alternative model to be analysed in greater depth, adding corrections
from higher order terms or other approximations. We observe that the gauge Noether
symmetries are potentially relevant in the analysis of the field equations in the linearly
expanded system. Whether the related conservation currents derived from this approach
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provide an additional insight into the interpretation of the Hubble parameter compatible
with observational data is still an open question. For instance, we can interpret the
radial inhomogeneity of the metric as an apparent radial acceleration, which breaks all
the non-rotational local symmetries at large distances.
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