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Resumo

No célculo da velocidade Doppler de galdxias, assume-se implicitamente que a galdxia
estd se movendo em um espago-tempo de Minkowski. Usando essas velocidades, a massa
virial de aglomerados de galéxias é duas ordens de magnitude maior que a massa obtida
através da luminosidade de cada uma das galdxias do aglomerado. Por outro lado, de
acordo com a relatividade especial invariante de de Sitter, qualquer sistema fisico induz
um termo cosmoldgico local na regido que ocupa. Isso significa que a galdxia estd, na
verdade, movendo-se em um espaco-tempo de de Sitter. Como consequéncia, o tempo
proprio muda, produzindo mudangas concomitantes na velocidade Doppler da galaxia.
Usando valores fisicamente aceitdveis para os parametros galacticos, a velocidade modi-
ficada de de Sitter para as galdxias serd uma ordem de magnitude menor que os valores
atualmente aceitos. Como a massa virial de aglomerados depende do quadrado da velo-
cidade média das galdxias pertencentes ao aglomerado, a massa virial modificada de de
Sitter encontrada serd duas ordens de grandeza menor que os valores atuais. Consider-
ando que a discrepancia usual entre as massas virial e luminosa é também de duas ordens
de magnitude, a massa virial modificada de de Sitter de aglomerados de galdxias concorda
com a massa luminosa e, consequentemente, nenhuma matéria escura € necessdria para
explicar a dinamica dos aglomerados de galdxias.

Palavras-chave:Relatividade especial de de Sitter; Massa de aglomerados de galdxias

Areas do conhecimento: Gravitagdo e cosmologia
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Abstract

In the computation of the Doppler velocity of galaxies, one implicitly assumes that the
galaxy moves in a Minkowski background spacetime. In this case, the ensuing virial
mass of galaxies clusters is usually found to be two orders of magnitude larger than the
mass obtained from the galaxy luminosity. On the other hand, according to the de Sitter-
invariant special relativity, any physical system induces a local cosmological term in the
region of space it occupies. This means that the galaxy is actually moving in a local de
Sitter spacetime. Consequently, the proper time changes, producing concomitant changes
in the Doppler velocity of the galaxy. Using physically acceptable values for the galactic
parameters, the de Sitter-modified velocity of galaxies is one order of magnitude smaller
than the currently accepted values. Since the virial mass of clusters depends on the mean
square velocity of the galaxies belonging to the cluster, the de Sitter-modified virial mass
is two orders of magnitude smaller than the current values. Considering that the usual
discrepancy between the virial and the luminous masses is also two orders of magnitude,
the de Sitter-modified virial mass of galaxies clusters agrees with the luminosity mass.
Consequently, no dark matter is necessary to explain the dynamics of clusters of galaxies.

Keywords: de Sitter special relativity; Mass of cluster of galaxies

Knowledge Areas: Gravitation and cosmology
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1 Introduction

In the study of the mass of the Coma cluster in the early nineteen-thirties, Fritz Zwicky
found that the virial mass-to-light ratio M /L of the cluster was much larger than the mass-
to-light ratio of the visible region of individual galaxies. More precisely, he found that

[1] Iy v
= ~500=—2, (1.1)
L Lo
where My and Lo are, respectively, the mass and the absolute luminosity of the Sun.
This discrepancy between M /L and My /L became initially known as the missing mass
problem. Since then, this result has been corroborated by many other studies of the Coma
cluster [2]. In addition, similar results have been obtained for other rich clusters of galax-
ies. Estimates of M /L have generally given results of order 200 to 350 h M /Lo [3],
where £ is the Hubble constant in units of 100 Km s~' M pc~!. For example, a study of
16 clusters of galaxies with redshifts between 0.17 and 0.55 gave M /L ~ 213 h My /Lg
[4]. Another application of the virial theorem to 459 clusters of galaxies has found
M/L ~348 h My /Lg [5].

The visible light from clusters comes almost entirely from their galaxies. If most of
the mass of these galaxies were in the galaxy’s luminous central regions, then the rota-
tion speeds of stars outside this region would follow the Kepler law v o r~!/2. However,
as first observed in the nineteen sixties and seventies, the velocity v of stars outside the
central region is roughly constant, even beyond the visible disk of the galaxy [6, 7]. More
than 60 spiral galaxies were studied, and the same results were borne out in all cases.
Further studies have shown that this is what one would expect if a non-luminous spherical
halo with a mass density decreasing as 1/r> were present in every galaxy. These find-
ings are usually considered to be a piece of evidence for the existence of halos of dark
matter around galaxies. The existence of such halos could eventually solve—or at least
attenuate—the missing mass problem of clusters of galaxies.

The above arguments favoring the existence of dark matter presupposes that the local
spacetime kinematics is correctly described by ordinary special relativity at all energy
scales and that the gravitational interaction, as described by general relativity—or by its
Newtonian limit—remains valid at galactic and extra-galactic scales. However, this is a
speculative assumption in the sense that there is no evidence that this could be true. The
inability to explain the observed rotation curves of galaxies could quite reasonably be in-
terpreted to indicate that both special and general relativities fail at the galactic scale. The
same interpretation could be used to explain the inability of these theories to determine
the mass of clusters of galaxies correctly.

Considering that the search for fundamental particles that could play the role of dark
matter has, up to now, returned no results, we are going to explore in this work whether
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the missing mass problem in clusters of galaxies could find a solution based on a modifi-
cation of ordinary special relativity. More specifically, we will adopt the approach based
on replacing the Poincaré-invariant Einstein special relativity with a de Sitter-invariant
special relativity.

The work will develop according to the following scheme. In Section 2, for the sake
of completeness, we present the fundamentals of the de Sitter space, group, and algebra.
In Section 3, we discuss the rationale behind the replacement of Poincaré by de Sitter as
the group governing the local kinematics of spacetime. Then we introduce the dispersion
relation of the de Sitter-invariant special relativity. Now, if special relativity changes,
general relativity must undergo concomitant changes. The de Sitter-modified general
relativity is discussed in Section 4, where it is also discussed how a physical system
creates a local cosmological term A in the region of space it occupies. Due to this property,
instead of traveling in a Minkowski spacetime, all galaxies are actually traveling in a
local de Sitter spacetime, which, as we discuss in Section 5, produces a change in the
galaxy proper time. This, in turn, will produce a change in the Doppler velocity of the
galaxy. In Section 6, we discuss how such a change gives rise to a further change in the
galaxy’s virial mass and consequently in the virial mass of clusters of galaxies. Finally,
in Section 7, we explore the implications of this result for the physics of galaxy clusters,
and in particular of the Coma cluster.



2 de Sitter Space, Group and Algebra

2.1 The de Sitter spacetime

The maximally symmetric de Sitter spacetime, denoted dS, can be seen as a hypersurface
in a host pseudo-Euclidean 5-space with metric nap = (+1,-1,-1,-1,-1) (A, B, ... =

0,...,4), whose points in Cartesian coordinates )(A satisfy the relation [8]
napx'x% =-1, @.1)
or equivalently, in four-dimensional coordinates,
N X' = () = =12 22)

It has the de Sitter group SO (4, 1) as group of motions, and is homogeneous under the
Lorentz group £ = SO(3, 1), that is,

ds = S04, 1)/ L. 2.3)

In Cartesian coordinates )(A, the generators of the infinitesimal de Sitter transformations
are written in the form

0 0
Lap = ¢ — - c—. 2.4
AB =TACX” 5 F ~NBCX v (2.4)
They satisfy the commutation relations
[Lap, Lcpl =nscLap +napLpc —ngpLac —nacLlsp - (2.5)

Among all coordinate systems used to describe the de Sitter metric, the four-dimen-
sional stereographic coordinates {x*} emerge as a special one, in the sense that, for a
vanishing cosmological term, they reduce to the Cartesian coordinates of Minkowski
spacetime. They are obtained through a stereographic projection from the de Sitter hyper-
surface into a target Minkowski spacetime. However, in order to obtain the stereographic
coordinates, it is necessary to use two different parameterizations: one appropriate for
large values of the de Sitter parameter /, and another appropriate for small values of [.
Considering that the cosmological term A depends on [ according to A ~ [72, a large [
means small A whereas a small / means a large A. Here we are going to consider only the
small A parameterization.

The reference value for defining small and large [ is the Planck length /p. Accordingly,
a large [ is represented by the condition

[>Ip,



which is equivalent to
AL < 1.

On the other hand, assuming that the Planck length is the smallest possible length in
nature, a small / is represented by

[ 2 lp,
which is equivalent to
Alp <1,
This last expression can be rephrased as
A< Ap

with Ap ~ 1;2 the Planck cosmological constant.

2.2 Stereographic coordinates: the small A case

In the parameterization appropriate to deal with small values of A, the stereographic co-
ordinates are defined by [9]

Xt =Qx* (2.6)
and
¥t =10 (1+04) @.7)
where Q = Q(x) is given by
Q= (1-0?%/41%)7" (2.8)

with o2 the Lorentz invariant quadratic form o2

infinitesimal de Sitter quadratic interval

= 1,» X*x”. In these coordinates, the

ds* = gop dx®dxP (2.9)
is found to be the conformally flat metric

8ap = Q% Nap. (2.10)

The Christoffel connection is

Q
M, = ﬁ((sﬁ Mva X% + 8 My X% = 1y X*) (2.11)

The corresponding Riemann tensor, which is defined by
R'uvpa' = aar'uvp - apl—wva' + F'u(w'Fan - r#apravow (212)

has the form

1
Rﬂva' = l_2 (6,/; 8ve — 65‘ gvp) . (2.13)

The Ricci tensor and the scalar curvature are, consequently,

30?2 12

Rie ="y and  R=-7. (2.14)



In terms of the stereographic coordinates {x*}, the de Sitter generators (2.4) are writ-
ten in the form

Lyy = nupxP P, — 1y, x” P, (2.15)
and 1
Ly =1P,-—=K,, (2.16)
4]
where
P,=0, and K, = (2n,x"x" —0*5)d, (2.17)

are, respectively, the generators of translations and proper conformal transformations [10].
They can be rewritten in the form

P, =6%9, and K, =320, (2.18)

where 6;; and 5Z = 21, x"x? — 0'25Z are, respectively, the Killing vectors of transla-
tions and proper conformal transformations. Generators L, refer to the Lorentz sub-
group, whereas the elements L4, define the transitivity on the homogeneous space. From
Eq. (2.16) it follows that the de Sitter spacetime is transitive under a combination of trans-
lations and proper conformal transformations—usually called de Sitter “translations”.
The relative importance of these two transformations is clearly determined by the value
of the pseudo-radius /.

In order to study the limit of large values of /, it is necessary to parameterise the
generators (2.16) according to
Lo _p 1

l 41

In terms of these generators, the de Sitter algebra (2.5) assumes the form

I, = K, . (2.19)

[va» Lpo-] = 77Vp LyO' + 77#0' va —Nvo L,up - 77;1,0 LVO'$ (220)
[H;u Lp(r] = 77,upH0' - Tluo'np, (2.21)
[, 10,] =17%L,,. (2.22)

The last commutator shows that the de Sitter “translation” generators are not really trans-
lations, but rotations — hence the quotation marks.

2.3 The contraction limit A — 0

In the limit A — 0, which corresponds to [ — oo, we see from Eq. (2.19) that the de Sitter
generators IT, reduce to generators of ordinary translations

M, — P,. (2.23)

Concomitantly, the de Sitter algebra (2.20-2.22) contracts to

[L,uv, LpO'] =Tvp L;w' + Nuo va —Nvo L/Jp — Nup Lva’ (224)
[Py, Lo | = MupPo = MuoPp (2.25)
[P..Pp] =0 (2.26)



which is the Lie algebra of the Poincaré group = L @ 7, the semi-direct product of
the Lorentz £ and the translation 7~ groups. As a result of this algebra and group deform-
ations, the de Sitter spacetime dS contracts to the flat Minkowski space M: dS — M. In
fact, as a simple inspection shows, the de Sitter metric (2.10) reduces to the Minkowski
metric

Euv = NMuvs (2.27)

and the Riemann, Ricci and scalar curvatures vanish identically:
Rtyoe =50, Ry—0, R—0O0. (2.28)

Furthermore, we see from Eq. (2.23) that Minkowski spacetime is transitive under ordin-
ary translations.



3 The de Sitter-Invariant Special Relativity

3.1 Why a new special relativity

Due to the existence of an invariant length at the Planck scale, given by the Planck length,
ordinary special relativity fails at that scale. In fact, the Lorentz group is well-known not
to allow the existence of an invariant length. Since Lorentz is a subgroup of Poincaré—
which is the group that rules the kinematics in ordinary special relativity—the kinemat-
ics at Planck scale cannot be described by ordinary special relativity. For this reason,
whenever looking for a Planck scale (quantum) kinematics, the first idea that comes to
mind is that, to allow the existence of an invariant length, Lorentz symmetry should some-
how be broken down. However, as we are going to discuss next, this is not necessarily
true.

To begin with, let us recall that Lorentz transformations can be performed only in
homogeneous spacetimes. In addition to Minkowski, therefore, they can be performed in
de Sitter and anti-de Sitter spaces, which are the unique homogeneous spacetimes in (1 +
3)-dimensions [11]. From now on, our interest will be restricted to the de Sitter spacetime.
As a homogeneous space, the de Sitter spacetime has constant sectional curvature. Of
course, the Ricci scalar is also constant and has the form

R=121"2, 3.1

where [/ is the de Sitter length-parameter, aka pseudo-radius. Now, by definition, Lorentz
transformations do not change the curvature of the homogeneous spacetime in which they
are performed. As a consequence, Lorentz transformations are found not to change the
length parameter [ either [12]. Although not immediately visible in Minkowski space-
time, because what is left invariant in this case is an infinite length, in de Sitter spacetime,
whose pseudo-radius is finite, this property becomes manifest. Contrary to the usual
belief, therefore, Lorentz transformations do leave invariant a very particular length para-
meter: that defining the scalar curvature of the homogeneous spacetime in which they
are performed. If the Planck length /p is to be invariant under Lorentz transformations,
it must represent the pseudo-radius of spacetime at the Planck scale, which will be a de
Sitter space with the Planck cosmological term

Ap = 3 12%x10°m™2. (3.2)

2

In this case, the existence of an invariant length-parameter at the Planck scale does not
clash with Lorentz invariance, which remains a symmetry at all energy scales.
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The de Sitter spacetime is usually interpreted as the simplest dynamical solution of
the sourceless Einstein equation in the presence of a cosmological constant, standing on
an equal footing with all other gravitational solutions, like for example Schwarzschild and
Kerr. However, as a non-gravitational spacetime, the de Sitter solution should instead be
interpreted as a fundamental background for the construction of physical theories, stand-
ing on an equal footing with the Minkowski solution. General relativity, for instance,
can be constructed on any one of them. In either case, gravitation will have the same
dynamics, only their local kinematics will be different. If the underlying spacetime is
Minkowski, which implies a vanishing A, the local kinematics will be ruled by the Poin-
caré group of special relativity. If the underlying spacetime is de Sitter, the local kin-
ematics will be governed by the de Sitter group, which amounts then to replace ordinary
special relativity by a de Sitter-invariant special relativity [13, 14]."

3.2 Dispersion relation of the de Sitter special relativity

We proceed now to obtain the dispersion relation of a de Sitter-invariant special relativity.
For the sake of completeness, we obtain first the usual dispersion relation of ordinary
special relativity.

Ordinary special relativity

The dispersion relation of ordinary special relativity can be obtained from the first Casimir
operator of the Poincaré group, which is the kinematic group of Minkowski spacetime.
As is well known, it is given by

éP = U/JVP#PV, (3'3)
with P, = 0, the translation generators. Its eigenvalue cp, on the other hand, is
2.2
m-c
P =" (3.4)
From the identity C‘p = c¢p, we obtain
2.2
v m-c
" P,P, = T (3.5)
Applied to a scalar field ¢, it yields the Klein-Gordon equation
2.2
m=c
O¢ + 9= 0, (3.6)

with [J the Minkowski d’ Alembertian operator.
The dispersion relation of ordinary special relativity can be obtained from (3.5) by
replacing _
i
P, — ~5 P 3.7

“It is interesting to observe that, in the same way Einstein special relativity may be interpreted as a
generalization of Galilei relativity for velocities near the velocity of light, the de Sitter-invariant special
relativity may be interpreted as a generalization of Einstein special relativity for energies near the Planck
energy. It holds, for this reason, at any energy scale.




with p,, = mcu, the four-momentum of a particle of mass m and four-velocity u,. As can
be easily verified, the result is
2.2
Nuvp*p” =m"c”, (3.8)

which is the dispersion relation of ordinary special relativity.

de Sitter special relativity

For large values of the de Sitter length parameter /, the first Casimir invariant operator of
the de Sitter group is written in the form [9]

N 1
Cas = — — 0 nBP JapJcp, 3.9
ds ==z 1 JagJep (3.9)
where
JaB = Lap + Sas. (3.10)

with L4p the orbital generators (2.4), and S4p the matrix spin generators. For the sake of
simplicity, we assume the case of spinless particles, in which case the Casimir operator
reduces to

A 1
Cas =55 S nBP LagLep. (3.11)

In terms of stereographic coordinates, it assumes the form
A 1
Cas = 0" TaTlg = = 1P 177" Lay Lgs. (3.12)

with I1, the generators (2.19). Through a lengthy, but otherwise straightforward compu-
tation, one can verify that
Cus = 8"V, =0 (3.13)

with [ the Laplace-Beltrami operator in the de Sitter metric (2.10).
On the other hand, for representations of the principal series, the eigenvalues of the
Casimir operator are given by [15]

m?c?

1
CdS:—F—l—z [S(S+1)—2], (3.14)
with S the spin of the particle under consideration. For the case of spinless particles
(s = 0), they assume the form

2.2
m-c 2
CdS:—F'l'l—z. (3.15)
From the identity Cus = cas, we obtain
2.2
. m-c” 2
g,u V/lVV = —7 + 1_2 (3.16)

Applied to a scalar field ¢, it yields the Klein-Gordon equation in a de Sitter spacetime

2.2 1

’%§¢—6R¢:0 (3.17)

Lo +
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where R = 12/I? is the scalar curvature of the de Sitter spacetime [see Eq. (2.14)]. For
m = 0, it is the conformal invariant equation for a scalar field.
Similarly to ordinary special relativity, the dispersion relation of the de Sitter special
relativity can be obtained from (3.16) by replacing
V, > -7, (3.18)
h
where
Ty =pu— (1/41%) ky (3.19)

is the de Sitter four-momentum of the particle, with p,, the ordinary four-momentum and
k, the proper conformal four-momentum [16]. The dispersion relation of de Sitter special
relativity is then found to be [17]

2n?
guv ' " = m? = = (3.20)

In the limit / — oo, the de Sitter spacetime contracts to Minkowski, and it reduces to the
dispersion relation (3.8) of ordinary special relativity.
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4 The de Sitter-Modified General Relativity

On account of the strong equivalence principle, if special relativity changes, general re-
lativity must change accordingly, giving rise to what can be called de Sitter-modified
general relativity. In what follows, we give a description of the main properties of this
theory.

4.1 The de Sitter-modified Einstein equation

A crucial property of the de Sitter-invariant special relativity is that any physical system
induces a local cosmological term A in the region of spacetime it occupies, which is
necessary to comply with the spacetime kinematics, now governed by the de Sitter group.
To clarify the mechanism behind this process, let us note first that, if special relativity
changes, general relativity must change accordingly, giving rise to what can be called de
Sitter-modified general relativity. In this theory, ordinary Einstein equation changes to
the de Sitter-modified Einstein equation [18]

RPH _ lgp/lyg - _8G TIPH . 4.1
2 c*
The curvature tensor R°# in this equation represents both the kinematic curvature of the
background de Sitter and the dynamic curvature of general relativity. In ordinary gen-
eral relativity, any solution to Einstein equation is a spacetime that reduces locally to
Minkowski, in agreement to the Poincaré-invariant special relativity. On the other hand,
any solution to the de Sitter-modified Einstein equation (4.1) will be a spacetime that
reduces locally to de Sitter [19], in agreement to the de Sitter-invariant special relativity.
A crucial point of the field equation (4.1) is that the dynamic curvature of gravitation
and the kinematic curvature of the local de Sitter spacetime are both included in the same
Riemann tensor R ,,z. Differently from the usual Einstein equation, the cosmological
term A does not appear explicitly in the de Sitter-modified Einstein equation. As a con-
sequence, the (contracted form of the second) Bianchi identity does not restrict it to be
constant, which means that A is allowed to change in space and time.
In stereographic coordinates, the covariantly conserved current IT°# splits in the form

1
IPH = TPH — — KPH 4.2
412 4.2)

where TP# = 65T is the symmetric energy-momentum current, and
KPH = 07K = (2naﬁxﬁxp - 0255) Tan 4.3)
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is the proper conformal current [20], with, 65 and 6_§ , respectively, the Killing vectors
of translations and proper conformal transformations. In these coordinates, therefore,
equation (4.1) assumes the form

1 G
ROV — Zg"'R = e - (1/41P) kP (4.4)
C
As a consequence of the source decomposition, which occurs only in stereographic
coordinates, the Einstein tensor can also be decomposed in the form

1 N N
Y P — (RP l,p 0 L,p
R“—Eg“R—(R“—Qg“R)—(R“——g“R). 4.5)
In this expression, R?* represents the dynamical curvature of gravitation whereas RP¥ is
the kinematic curvature of the local de Sitter spacetime. The sign minus of the decompos-
ition was chosen to be consistent with the sign minus in the decomposition of the source
current. Substituting in Eq. (4.4), we get

A . 81G
(Re# — LgPHR) — (RP# — LgrrR) = -2 [TW — (1/4) K" (4.6)
C

When written in a spacetime with a general metric g”, the Ricci and scalar curvatures of
the de Sitter background are given by

RPH = AgP*  and R =4A. 4.7)

Since the metric g°* reduces locally to the de Sitter metric g°¥, these tensors reduce
locally to the Ricci and scalar curvatures of the background de Sitter spacetime. Using
these relations, Eq. (4.6) assumes the form

871G
R — LgPrR 4 ghin = XN (1742 KPH | (4.8)
C

4.2 The local value of A

In the de Sitter-modified Einstein’s equation (4.8), whereas the energy-momentum current
keeps its role of dynamic source of gravitation, the proper conformal current appears as
the kinematic source of the background de Sitter spacetime. In other words, the proper
conformal current of ordinary matter appears as source of the local cosmological term A.
Let us explore this property in some more details.

In locally Minkowski spacetimes, the only curvature present is the dynamic curvature
of general relativity. In locally de Sitter spacetimes, however, the curvature is composed
of both the kinematic curvature of the background de Sitter and the dynamic curvature of
general relativity. To isolate the scalar curvature related to the local de Sitter kinematics—
which is proportional to the local cosmological term A—we multiply both sides of the
field equation (4.8) by g,,,. The result is

B 8nG

R —-4A
A

[7#, - (1/41) K", . (4.9)
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Without loss of generality, we consider now the case in which the source is the electro-
magnetic field. In this case, the trace T#,, of the energy-momentum current vanishes, and
consequently the corresponding dynamic scalar curvature vanishes as well. Equation (4.9)
reduces then to an algebraic equation for the cosmological term A:
_ 2nG K*,
ot 4
We see from this equation that the source of the local cosmological term A is the trace
K*,, of the proper conformal current (4.3) of ordinary matter.

It should be remarked that equation (4.10) is valid, not only for the electromagnetic
field, but for any kind of source field. The difference is that, since the gravitational field
produced by the electromagnetic field has vanishing scalar curvature, the only contribu-
tion to the cosmological term A comes from the trace of the proper conformal current of
the electromagnetic field. In the cases where the trace of the energy-momentum tensor
does not vanish, the scalar curvature will include also a contribution coming from the dy-
namic curvature of spacetime, as given by ordinary Einstein equation. In either case, we
can identify

(4.10)

K (4.11)
— =&p, .
ar — "t

with £, the energy density associated to the cosmological term A—that is to say, the dark

energy density. In this case, relation (4.10) assumes the form

2rG

A=—ren. (4.12)

c
Considering that the dark energy density €5 and the matter energy density g, differ by
the conformal factor 6%, defined in Eq. (2.18), for small energies they can be assumed to
be of the same order. In the present day universe, for example, they are roughly related
by ep =~ 2¢g,,. Adopting the same relation, equation (4.12) becomes [21]

AN=——¢gpy. (4.13)

As an application, let us consider the present day universe, for which the space section
is known to be nearly flat: k =~ 0. As a consequence, the mean energy density of the
universe is of the order of the critical energy density

3H(2)c2
G

with Hy =~ 75km s~ Mpc™' the Hubble parameter. Using this energy density in the
relation (4.13), the effective cosmological term is found to be

A=~1072m™2, (4.15)

~ 107" Kgm™'s72, (4.14)

Ec =

which coincides with the order of magnitude obtained from observations [22, 23, 24].

It should be noted that the local cosmological term (4.13) is different from the usual
notion in the sense that it is no longer required to be constant [25]. Outside the region
occupied by the physical system, where the matter energy density &,, vanishes, the cos-
mological term A vanishes as well. It is also important to remark that, since A is now
connected to the local spacetime kinematics, equation (4.13) is a kinematic (algebraic)
equation.
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4.3 New physics from de Sitter-invariant relativity

The de Sitter-modified general relativity gives rise to new gravitational physics only for
the case of physical systems that can be described by a continuous medium, or fluid.
Since the fluid has an energy density &,,(r), it will induce a cosmological term A(r) in
the region of spacetime it occupies, as given by equation (4.13). The presence of this A
in the whole physical system gives rise to a de Sitter-modified Einstein equation, which
may give rise to new gravitational physics in relation to ordinary general relativity. Of
course, in the weak field approximations, the ensuing de Sitter-modified Newtonian limit
can be used. An example of such fluid system is the universe itself. For this case, the de
Sitter-modified FLRW solution in the Newtonian limit has already been shown to yield
a reasonable account of the present day universe [26]. Another example is a galaxy, in
which the stars can be considered as a fluid with a mass density p(r) that decays with the
distance to the galactic center. The de Sitter-modified Newtonian limit has already been
shown to provide a possible explanation for the flat rotation curve of galaxies, without the
necessity of supposing the existence of dark matter [18].

For systems that cannot be described by a continuous medium, on the other hand, the
de Sitter-modified general relativity gives the same results of ordinary general relativity.
This is the case of the solar system: since the mass density in the inter-planetary space
vanishes, the cosmological term A vanishes in that region as well. As a consequence,
the Newtonian limit of the de Sitter-modified general relativity coincides with the usual
Newtonian limit of general relativity. Another example is clusters of galaxies, in which
the inter-galactic mass density vanishes. As a consequence, the cosmological term A
vanishes as well, and the Newtonian limit of the de Sitter-modified general relativity co-
incides with the usual Newtonian limit of general relativity. However, on account of the
different local kinematics, the de Sitter-invariant special relativity can give rise to men-
surable differences in relation to ordinary special relativity.

For example, let us consider the propagation of light. According to the de Sitter-
invariant special relativity, the electromagnetic radiation produces a local cosmological
term A in the region it is located. This means that the light is actually travelling in a
local de Sitter spacetime. Let us turn now to case of clusters of galaxies. When meas-
uring the Doppler velocity of a galaxy, one usually assumes that the galaxy is moving
in a Minkowski background. However, similarly to the light, a galaxy induces a local
cosmological term in the region it is located. This means that the galaxy is also moving
in a local de Sitter spacetime. As a consequence, the proper time will change, producing
concomitant changes in the computation of the velocity of the galaxy. Since the virial
mass of clusters depends on the mean (mass weighted) square velocity of the galaxies
relative to the center of mass of the cluster, the virial mass will change accordingly. In
what follows we are going to study this kinematic induced change.
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5 Relativistic Doppler Velocity of Galaxies

5.1 Proper time and the cosmological term A

In this section, we study how the presence of a cosmological term A changes the very
notion of proper time. For the sake of completeness, we review first the usual notion of
proper time in Minkowski spacetime.

5.1.1 Proper time in Minkowski spacetime

Suppose that in a certain inertial frame we observe clocks which are moving relative to us
in an arbitrary manner. At each different moment of time this motion can be considered
as uniform. Thus, at each moment of time we can introduce a coordinate system rigidly
linked to the moving clock, which with the clocks constitute an inertial frame.

In the course of an infinitesimal time interval d¢ (as read by a clock in the rest frame)
the moving clocks travel a distance

2+ dy? + d22 (5.1

in a Minkowski spacetime with Cartesian coordinates {x*} , in which case the metric has
the form
ds® = c*di?* — dx® — dy?* — d7* . (5.2)

Denoting the proper time by 79, we ask now what time interval df is indicated for this
period by the moving clocks. In a frame linked to the moving clocks, the latter are at rest:
dxo = dyg = dzp = 0. Owing to the invariance of intervals, we can write

Cdi? - (& +dy* +d2?) = a3, (5.3)
which is equivalent to
dt
d[o = — (54)
Y
where
5\ 112
y=(1-# (5.5)

is the relativistic factor, with 8 = v/c the velocity of the moving clock in units of the
speed of light. Integrating (5.4) we obtain

to=—, (5.6)
Y

where ¢ is the proper time and ¢ is the observer time.
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5.1.2 Proper time in de Sitter spacetime
Let us take the de Sitter metric in inflationary coordinates,
ds* = c*dt* —n* (A) 6;; dx'dx’ | (5.7)
where 1
n(A) = exp [(A/S)i T] (5.8)

is the conformal factor, with 7 a length parameter usually assumed to represent the charac-
teristic dimension of the physical system. Using the relation A = 3/I?, it can be rewritten
as

n(A) =exp|[7/l] . (5.9

In a frame attached to the moving clock, 7y will be the proper time, and dxg = dyg = dzo =
0. Owing to the invariance of intervals, we can write

c*dt* —n*(A) [ax* +dy* +dZ?| = *dry. (5.10)
This expression is equivalent to
dt
dty = —, (5.11)
Y (n)

where
y(n) = [1-n?(n) g2 (5.12)

is the de Sitter-modified relativistic factor. Integrating (5.11) for a constant A, we obtain
t

I

(5.13)

5.2 Doppler velocity of galaxies

We review first the usual Doppler effect in Minkowski spacetime, and then we discuss the
changes that occur in a de Sitter spacetime.

5.2.1 Doppler velocity in Minkowski spacetime

Instead of a clock, let us consider a galaxy moving in Minkowski spacetime with velocity
v in relation to an observer. If the galaxy emits an electromagnetic radiation of wavelength
A, and since this radiation moves with velocity ¢, we can write

A—vt=ct. (5.14)
Using the identity A = ¢/v, with v the wave frequency, we obtain
t= ! (5.15)
C(1+pB) v’ '

Now, due to the relativistic time dilation, the observer will measure this time as ty = ¢/7y .
The corresponding observed frequency is

1/2
yozlzzz(“ﬂ) y (5.16)

-5
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where we have used equations (5.6) and (5.15). The ratio
1/2
1 —
Ry ( p ) (5.17)
Yo 1+ ﬂ

is called the Doppler factor of the source relative to the observer. Solving this expression
for B, we get

V(z)—V2
VO+V

The corresponding galaxy velocities are consequently given by

vg—vz
v=———c. (5.19)
VO+V2

5.2.2 Doppler velocity in de Sitter spacetime

According to the de Sitter-invariant special relativity, a galaxy induces, in the region it
is located, a cosmological term A proportional to the its mass density, as given by equa-
tion (4.13). This means that the galaxy is actually moving in a local de Sitter spacetime.
As a consequence, the notion of proper time changes, producing concomitant changes in
the galaxy velocity seen from a distant observer. Instead of v, the galaxy velocity turns
out to be n(A)v, with n(A) given by (5.9). In this case, relation (5.14) assumes the form

A=n(A)vt =ct. (5.20)

Using the identity 4 = ¢/v, with v the wave frequency, we obtain

1

Now, due to the relativistic time dilation, the observer will measure this time as ty = ¢/7y .
The corresponding observed frequency is

L y(n)
vo=— = =
to t

1+ n(A)ﬁ} 1/2V (5.22)

1 -n(A)B

where we have used equations (5.13) and (5.21). The Doppler factor has now the form

1/2
1 -n(A
Y M ) (5.23)
1) 1+n(A)B
Solving this expression for n(A)S, we get
vé —?
n(ANB=——. (5.24)
vtV
The corresponding galaxy velocities are consequently given by
2_ .2
V-V
= 20 ‘ (5.25)

24yt a(A)
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Denoting the Minkowski and the de Sitter Doppler velocities respectively by v,, and v 4,
a comparison of (5.25) with (5.19) yields the relation

Vm
n(A)

Vds = (5.26)

Since n(A) > 1, the velocity vy, of a galaxy moving in a de Sitter spacetime will be
smaller than the velocity v, of a galaxy moving in a Minkowski spacetime.
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6 Mass of Cluster of Galaxies

6.1 Virial theorem

The virial theorem establishes a relationship between the time average kinetic energy and
the time average potential energy of a classical system in dynamic equilibrium. To derive
this relationship we will consider a gravitationally bound system of n point masses, the
equation of motion of the n’# mass is given by

. oV
mpx, = —

— . 6.1
" ox}, ©.h

Where m,, is the mass of the n'" particle, X, is its position vector with relation to the center
of mass of the system and V the potential energy of the system. Remembering that the
potential energy of the system is equal to the sum

V——l & Gmpm
2

—, (6.2)
1=0 p=0 |xp - xl|

to p # [, where G is the gravitational constant. And the kinetic energy T of the system,
disregarding the movement of the center of mass, is given by

1 < L.
- EZml (X -%) . (6.3)
=0

Now, multiplying the equation (6.1) by xf and summing all the terms, we can write

—l;x; > 2d; Zml (% xz)-Zle (% %) - (6.4)

The second term on the right side of the above equation gives twice the kinetic en-
ergy of the system and the first can be written in terms of the moment of inertia [ =
2ir—o i (X - X;) of system. The moment of inertia should not vary over time as the sys-
tem is in dynamic equilibrium nullifying the term

d? <
) Z mj (X[ -x;) =0. (6-5)
dt” 15

In turn the left side of the equation reduces the potential energy of the system due to the
shape of (6.2). Thus, the equation (6.4) results in the virial theorem

2T+V =0. (6.6)
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6.2 Virial mass of cluster of galaxies in Minkowski

Galaxy clusters are structures formed by gravitationally linked galaxies, such galaxies
have non-relativistic velocities. The virial theorem can be applied to estimate the total
mass of a galaxy cluster as long as the cluster is in a configuration where the condition
(6.5) is valid. For this we will consider the time average values of the kinetic energy and
the potential energy of the cluster. The time average kinetic energy of the cluster is given
by

T = %M (v, (6.7)

where M = 3}, m; is the total mass of the cluster and <v2> is the average square velocity
of galaxies relative to the center of mass of the cluster. Now the average potential energy

in the cluster time is equal to

V= —%GMZ a/ry, (6.8)

where (1/r) is the average inverse separation of time between galaxies. Substituting the
equations (6.7) and (6.8) in the virial theorem (6.6), and isolating M we find the total
mass of the cluster
2 <v2>
S G(l/ry’

whose average values <v2> and (1/r) are known.

(6.9)

6.3 The de Sitter-modified virial mass of cluster of galaxies

If the background spacetime is assumed to be Minkowski, the mass of a cluster of galaxies
is given by [3]
2 (vin)

"Gy’
with the Doppler velocities of the galaxies v,, given by equation (5.19). On the other
hand, according to the de Sitter-invariant special relativity, each individual galaxy of a
cluster moves in a local de Sitter spacetime. This means that the mass of the cluster in
this case is written as )

2 <Vds>

SGAa/ry’

with the Doppler velocities of the galaxies v45 given by equation (5.25). Using the identity
(5.26), the relation between the two masses is found to be

(6.10)

M 4 (6.11)

M

Mds

where n(A) is given by equation (5.8). Since n(A) > 1, the de Sitter-modified mass M 4,
of the cluster will be smaller than the usual mass M, obtained in the case of a Minkowski
background.
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7 Conclusions

As discussed in Section 1, the virial mass-to-light ratio M /L of clusters of galaxies, and
in particular of the Coma cluster, is much larger than the mass-to-light ratio of the visible
regions of individual galaxies. Estimates of M /L have generally given results of the
order 10> h M /Lo . This discrepancy between the gravitational and the luminous masses
is usually attributed to the presence of dark matter in the clusters, which is not taken into
account in the mass obtained from luminosity. However, as we have just seen, this is not
necessarily true. To see that, let us first recall that the bulge of a typical spiral galaxy has
a slow decaying mass density p. In the Keplerian region, on the other hand, it decays
faster, vanishing outside the border of the galaxy. Owing to this property, the whole mass
of the galaxy can be assumed to be in the bulge [2]. Considering a bulge average mass
density of the order [27]

po~2x107P Kgm™, (7.1)

the corresponding cosmological term, according to equation (4.13), is

AnG
Ag = %po ~1.8x103 m™2. (7.2)

Assuming furthermore that 7 is of the order of the diameter of the galactic bulge,

7 ~6Kpc ~ 10 m, (7.3)
the expansion factor (5.8) becomes

n?(A) = 1.4 x10%. (7.4)

As a consequence, the de Sitter modified square velocity of galaxies is two orders of
magnitude smaller than the usual Minkowskian result:

Vi = 107202 . (7.5)

Accordingly, the de Sitter modified virial mass of clusters of galaxies will also be two
orders of magnitude smaller than the usual Minkowskian result:

My ~ 1072 M,, . (7.6)

In this case, the de Sitter modified virial mass will agree with the mass obtained from
luminosity, and no dark matter would be necessary to explain the dynamics of the galaxy
cluster. Considering that the existence of dark matter, as well as its nature, are as yet an
unsolved problems of cosmology, the alternative solution proposed here, which is based
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on a modified gravity theory fully obtained from first principles, can be considered a
viable approach for the missing mass problem.

Finally, it should be remarked that, due to the presence of an exponential function in
the definition (5.8) of the expansion factor n(A), a small change in the mass density (7.1),
even keeping the order of magnitude, would change the numerical coefficient of relation
(7.6) substantially. This means that fine-tuning is necessary to achieve the desired result.
Conversely, we can resort to the notion of naturalness and argue that there are physically
acceptable values for pg and 7 that yields the physically relevant results.
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