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Abstract In this paper we consider a model for grav-
ity in four-dimensional space-time originally proposed by
Chamseddine, which may be derived by dimensional reduc-
tion and truncation from a five-dimensional Chern—Simons
theory. Its topological origin makes it an interesting candi-
date for an easier quantization, e.g., in the loop quantiza-
tion framework. The present paper is dedicated to a classical
analysis of the model’s properties. Cosmological solutions
as well as wave solutions are found and compared with the
corresponding solutions of Einstein’s general relativity with
cosmological constant.

1 Introduction

Gravitation as described by Einstein’s general relativity is
notoriously difficult to reconcile with quantum theory, a task
which is nevertheless necessary if one want to understand
physics at the very small scale defined by the Planck length
Ip ~ 1073 m, also in the hope that quantum mechanics
will cure the singularities of the classical theory such as the
Big Bang and Black Hole ones. Loop quantum gravity [1-3]
(LQG) is one attempt to do it. It starts from Einstein’s clas-
sical general relativity (GR) in the Ashtekar—Barbero for-
malism where the dynamical variables are an SU(2) Yang—
Mills type connection together with its canonical conjugate
momentum field. The dynamics is expressed as a set of con-
straints which correspond to the gauge invariances of the the-
ory [4,5], namely SU(2) local invariance and the invariances
under the space and time diffeomorphisms. The quantum
theory is then defined by constructing a Hilbert space whose
elements are certain wave functionals of the connection obey-
ing the constraints. The latter should be well defined as self-
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adjoint operators, and then solved in the sense that they select
the physical wave functionals as those which are annihilated
by them. The main difficulty is in the definition of the time
diffeomorphism constraint and its solution. Much progress
has been made by Thiemann et al. [2], and more recently by
Rovelli et al. in the spin foam formalism [3], leading to very
promising results.

General relativity is a “background invariant theory”,
which means that no a priori geometric structure is given
to the space-time manifold where the theory is defined: the
metric belongs to the dynamical fields. Another class of
background-independent theories is provided by topological
theories such as the Chern—Simons (CS) theories.! Remark-
ably enough [6], gravity in three space-time dimensions can
be written as a CS theory whose gauge group is the local
Poincaré group ISO(1,2), but also SO(1,3) or SO(2,2) if there
is a positive or negative cosmological constant. The question
is: Could one describe higher-dimension gravity as a CS the-
ory [7-14]7 An essential difference between gravity in 3D
and gravities in more than three dimensions is that the former
has no local degree of freedom, whereas the latter do. The
same happens for the CS theories in 3D and in more than
three dimensions. Since CS theories live in odd-dimensional
space-times, the first one which admits local degrees of free-
dom is the one in 5D, with the gauge group ISO(1,4), SO(1,5)
or SO(2,4) (Poincaré, de Sitter or anti-de Sitter).

An advantage of topological theories—with the gauge
groups mentioned above—is that (some of) the diffeomor-
phism invariances are consequences of the gauge invariances.
For CS in 3D, all diffeomorphism invariances follow on
shell from gauge invariance [15,16], whereas, in 5D, only
the invariance under the time diffeomorphisms follows on
shell [17,18]. In the latter case this means that the constraint
associated with the time diffeomorphisms is a consequence

I We could also mention the BF theories. However, unless some con-
straints are applied to them, they have to address local degrees of free-
dom in any space-time dimension.
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of the other constraints. Thus the difficult task of defining
and solving the diffeomorphism constraint in the 5D quan-
tum gravity described by this CS theory would be avoided.

Being interested in 4D gravity, can we find a similar,
topological-like theory? An answer has been provided by
Chamseddine [13]: a theory which, beyond containing the
gravitation fields is also containing a dilaton-type scalar field.
It can be derived from the 5D CS theory by dimensional
reduction and truncation of some of the component fields. As
we will show, the set of solutions of the Chamseddine model
is a subset of the solutions of the complete, non-truncated 5D
CS theory reduced to 4D. As such, in view of the interesting
properties concerning the constraints mentioned above, it is
worthwhile to study the classical aspects of the Chamseddine
model, which is the purpose of the present work. A study
of the whole 5D CS theory, with or without Kaluza—Klein
dimensional reduction, classically and quantum mechani-
cally, will be reported elsewhere [19]. More specifically, the
proposal of the present work is to investigate the dynamics of
the Chamseddine model and compare some of its solutions
with solutions of the conventional Einstein theory. We will
in particular focus on solutions of the cosmological type and
wave solutions.

The present paper begins in Sect. 2 with a review of
Chamseddine’s derivation of his 4D model—whose gauge
invariance is de Sitter SO(1,4) or anti-de Sitter SO(2,3)—
from a SO(1,5) or SO(2,4) 5D Chern—Simons theory by
dimensional reduction and truncation of some fields. We
clarify some points of this truncation, and, moreover, show
through a well-chosen gauge fixing that the model is a theory
of a dilaton-like scalar field interacting with a gravitational
field with torsion. We also show here that the field equations
of the Chamseddine theory are special solutions of the full
untruncated CS theory reduced to 4D. Linear approximations
are studied in Sect. 3, leading to the Newtonian limit and to
gravitational wave solutions. Section 4 is devoted to the study
of cosmological solutions of the theory and their comparison
with the ACDM model. Conclusions and outlooks are pre-
sented in Sect. 5. Conventions and notations are displayed in
an appendix.

2 The Chamseddine model

2.1 5D (A)dS Chern—Simons theory as a theory of gravity
in 5D

We start with a description of the five-dimensional Chern—
Simons (CS) theory for the (anti-)de Sitter gauge group and
its interpretation as a gravitation theory [9-11] (see [12] for
a comprehensive review). Our notations and conventions are
summarized in the appendix.

@ Springer

The gauge group transformations are those which leave
invariant the metric nyy = diag(—1,1,1,1,1,s), with
M,N,...=0,...,5 and where s takes the values 1. The
signatures (—1, 1, 1,1,1,1) and (—1,1,1,1, 1, —1) corre-
spond, respectively, to the Minkowskian de Sitter group
SO(1,5) and anti-de Sitter group SO(2,4) for 5D space-time.
They will be collectively denoted” by (A)dS.

A basis of the Lie algebra (a)dse of (A)dSe is given by
the generators My, y = —M y y, realized as the 6 x 6 matrices
(Myn)F o == =88 nno + 85 nmo. obeying the commuta-
tion relations

[Myn.,Mpol =nmpMno —nmoMnp — NP My

+nNoMpyp. 2.1

The field variables® of the theory are the components of a
connection form A = A,dx®, with values in the Lie algebra
(a)dse. In the basis (Myn), the connection form reads

~ 1. 14

A= EAMNM = 5A{}f"’dxo’MMN, (2.2)
and it transforms as

SAMN — geMN o AM ,ePN _ AN ,ePM (2.3)

under the infinitesimal (A)dSe gauge transformations. The
gauge invariant CS action is given by*

SCS = 57EMNPQRS

24
XXA (AMNC;APQdARS+ EAMN(Az)PQdARS
2
5

+§AMN(A2)PQ(A2)RS). (2.4)

emnpPoRs is the Levi-Civita totally antisymmetric tensor

with the normalization condition® 912345 = 1. The field

equations obtained by varying the connection A are

— dAPC 4 (2P,
2.5)

1 A A A
Zé‘MNPQRsFPQFRS:O, where FFQ

with FMN = GAMN 4 AN , APN the Yang-Mills curvature.

In the same way as one can interpret the three-dimensional
CS theory for the pseudo-orthogonal gauge group SO(1,3)
or SO(2,2) as a gravitation theory with cosmological con-
stant [6], one can indeed do the same here making the fol-
lowing identifications of the generators M,y with the five-

2 The suffix N in (A)dSy makes explicit the dimension of the defining
representation space.

3 Fields and forms in five-dimensional space—time M are written with
a hat, space-time indices being denoted by «, 8, ... =0, .

4 We do not write explicitly the wedge symbol A for the external
products of forms. E.g., the product (A2)P Q= (AZ)QP stems from
APT A ArQ2.

5 Indices are lowered and raised using the metric 1y y.
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dimensional Lorentz generators M 4 p and “translation” gen-
erators P4, with A, B,...=0,...,4

Map = Map, Pa:=AMys, (2.6)

where A > 01is a parameter with the dimension of a mass or of
the inverse of a length in the system of units wherec = 7 = 1.
The commutation relations (2.1) take the explicit form of the
(a)dse commutation relations (A.4), with n4 p being the five-
dimensional Lorentz metric (—1, 1,1, 1, 1) and s |A2| playing
the role of the “cosmological constant” (see Appendix A.2).
We define accordingly the spin connection form ®4# and the
5-bein form é4 as

. : sa._ Laa
HAB = AAB. A A

2.7)

We can thus write the infinitesimal (A)dSe gauge trans-
formations (2.3) and the CS action (2.4) as®

8&)AB — déAB +C?)A gCB —c’z\)BcéCA

+A (€A5é —€B56‘A)
A AC L/~ A A
st = oCech + - <d6A5 + wAc6C5> , (2.8)
A
56D = *f EABCDE
8 Ms
2512 A
AA SBC pDE 54,8 5C RDE AAAB 5C AD AE
(R(S)R(S) 3e R +Seeeee)
2.9

We recognize in the second and third terms the standard
Einstein—Hilbert and cosmological terms of 5D gravity,
respectively. The novelty of the Chern—Simons action is the
appearance of the first term, which is of the form elé(5) ﬁ(s);
this term does not enter through an arbitrary coupling con-
stant, but instead through a rational number which is pre-
fixed by the requirement of the theory to be (A)dS¢ invariant,
although the action is written in a manifestly Lorentz SO(1,4)
invariant form.

Since later on we will proceed to a dimensional reduc-
tion from 5D to 4D, we will need the decomposition of the
(A)dSg group in terms of 4D Lorentz SO(1,3) representa-
tions, as displayed in (A.6, A.7). The connection components
are accordingly decomposed as

6 A subscript will be used to distinguish the (A)dSs curvature from the
Lorentzian SO(1,3) curvature. We opt not to write the subscript in the
latter case. Thus we have

REP = diB + o7coCP,

R =dol! + o'k,

Let us note that the latter is not just obtained by restricting the former
to the indices I, J, instead we have

olJ pIJ _ ~4I ~4J
R(S)_R - w.

OB = (o, &M = aby, o4 = (e, &Y.

With these definitions, the action (2.9) is written

11 ~ PN
s6D) — ?/ EIJKL <@4(R” — 22D +setey)
Ms

— A2(BKBL + seKely)

22 ki
3

. R 2522
—2aDble’ <RKL - STéKéL> )

X (IéKL

L oDel <1%KL _
(2.10)

with D the covariant external derivative: Dé! = deé! +
o je7, ete. , and R = ddl! + & xdKY. Let us note
that the fields ¢/ and b’ play a symmetrical role in the
action, so in principle we can use any of the two to define
a four-dimensional soldering form. A qualitative difference
between these quantities will show up after a suitable trun-
cation.

In view of the announced dimensional reduction, we make
explicit a split of the D=5 space-time coordinates in D=4
space-time coordinates x*, u = 0, ..., 3 and the fifth coor-
dinate x := x* by writing the form fields as

I'— ede" + e)l(dx,
b" = bldx" + bldy,
L ’ @.11)

et = eﬂdx“ + e dx.
ol = a)lydx“ +a))l(1dx.

The corresponding splits for the curvature components read

FMN = pMN 4 VN Gy (2.12)
where

1
FMN EF%Ndx“dx”, FYIN = FYNdxk,

We also have to split each of these forms in terms of their
Lorentz SO(1,3) components,

MN __ 1J 41 51 45
FMN = (FI FHF ).

Then with the relabeling (2.11), (2.12), the curvature com-
ponents take the form
FIJ = RV — 32plpd — 532l
FI% = xDb! — s22e! e,
F’5 = ADe! + )2,
= Ade* — A2bjel,
F” R”—i—)»z(blbj b’b)/()+skz(e)’(ej —e’e)J(),
F” = /\(Db)l( + wXJbJ) +s12(elet —ele})
F’5 = M(De! + o) je’) =2 (blet — b)),
)55 = Mde} + AZ(b’ I'—bleh),
(2.13)

@ Springer
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where D, and R’/ represent the covariant exterior derivative
and the curvature 2-form associated to the Lorentz connec-
tion !’ . The field equations (2.5) are then split into 4-forms
equations and 3-form equations (the x components). The 4-
form equations are

SIJKL(F45FKL _ 2FK4FL5) — O,

KL
Zjii,iﬁ?m "o (2.14)
ergkL F1FKE =0,
and the 3-form equations are
EIJKL(F;LSFKL + F45F)€(L
—2Ff PR —2FRFS) =0,
erkL(FPFXE+ FPFKE) =0, (2.15)

ek (F) F*E+ FIAFRD) =0,
ersk FYFFE =0,
with the curvature components given by (2.13).

This theory is still invariant under the full (A)dS¢ transfor-
mations, which now read, in terms of the 5D “hat” quantities:

8! = eV +hs (1367 —&73! )42 (14— )
8e! = (1/x) De> +é7e,! + bleds —olel®,
8bT = (1/a) DEM™ + b7e,T — sele® + se4els,
864 = (1/0) de®s — byels 4 6,814,

(2.16)

A partial gauge fixing

The action (2.9) or (2.10) and the field equations (2.14) and
(2.15) may be simplified by a partial gauge fixing consisting
of the eight conditions

I __ I _ —
b, =0, ¢, =0, 1=0,....3, (2.17)

which fix the gauge symmetries generated by M5 = Pj/A
and M4 = Qj/A, respectively, as can be inferred from the
transformation laws (2.16) for the x components of ¢/ and
b! , the field éj‘( being assumed not to vanish. This reduces
the explicit gauge symmetry to the group SO(1,3) x (A)dS,,
where SO(1,3) is the 4D Lorentz group and (A)dS, = U(1)
if s > O (theory with positive cosmological constant) or the
dilatation group if s < 0 (theory with negative cosmological
constant). Of course (2.17) is only a gauge fixing: the theory
remains a full (A)dSe gauge theory.

2.2 The Chamseddine action

A 4D theory may be obtained trough a Kaluza—Klein dimen-
sional compactification in which “matter-like” fields are real-
ized as fifth-dimension components of the 5D fields. In our
context we may assume that the fifth dimension, of the coor-
dinate x* = X, is compact and “microscopic”’, and the

@ Springer

fields are expanded in Kaluza—Klein modes. In the present
paper, we restrict the study to the zero-mode sector—which
amounts to considering all fields as constant in x—Ileaving a
complete discussion involving all modes for future work [19].
This means

3, f(x) =0, Vfield f. (2.18)

The Chamseddine model has been obtained [13] by a trun-
cation consisting in setting some fields to zero:

ey =0, ol =0 e =0 b, =0.

! (2.19)

We may observe that the first condition is in fact nothing but a
gauge fixing condition, the second of (2.17). The other three
truncation conditions do indeed break (A)dSe, apparently to
SO(1,3). However, a reordering of the remaining fields in
new multiplets allows one to show that the resulting theory
actually has a hidden (A)dSs gauge invariance [13]. In order
to see this, one does not apply for the moment the first of the
gauge fixing conditions (2.17), and one reorders the fields in
(A)dSs multiplets as

AAB — {AIJ,AM} — {wlj,kel},
o = (@, %) := (-], €}).

(2.20)
221

Using these definitions together with the truncation condi-
tions (2.19), the action (2.9) or (2.10) reduces to the obvi-

ously (A)dSs invariant expression’
1

S(4D) = —/ EABCDE(I)AFBC]FDE, (2.22)
8 Jmy

with the (A)dSs curvature

FAB = aA?® + AYCACP, (2.23)

which in terms of the SO(1,3) components reads
FI) — RIV _3201,7

F'4 = ADe!

(R = do"’ + o'xoX’)
(De! =de' + w'je’).

The infinitesimal (A)dSs gauge transformations which leave
the Chamseddine action invariant may be written as

5AAB :dGAB "l‘AAC ECB —ABcéCA,

8cDA = dp GBA. (2.24)
The equations of motion from (2.22) are

sSUD

SPA = §8ABCDEFBC]FDE =0, (2.25)
s 1 CpDE

W = ESABCDE]D)q) F =0. (226)

7 No parameter is needed in front of the action, since any such parameter
may be absorbed in a redefinition of the scalar field ®4.
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Or, in terms of the SO(1,3) components,

88 A
ST = —ESIJKL(DCI)J+SMJ<I>4)(RKL—sAZeKeL) =0,
e
§S 1
o L
sold — UKL
x ((dd>4 — hep Y (RKL — 532K el
+ (DK 4 saek @4)DeL) —o,
S—S = l‘9111<L(R” —sa2el e’ (REL — s32eKel) =0,
st 8
58S A
ST = ESIJKLDEJ(RKL —sa2efKely = 0. (2.27)

2.2.1 Introducing matter: continuity equation

We may introduce matter adding to the action (2.22) a matter
term Sy, which we will suppose (A)dSs gauge invariant and
independent of the scalar field ®4. (A)dSs gauge invariance
of the total action,

S = S4Ple, w, ] + Smle, w], (2.28)

can be expressed through the local “Ward identity”

8S 58 58S
WpS =-D—+Pyp— — dp— =0.
AB 8A+ A(Sch B

We shall be interested in particular in the Ward identity linked
to invariance along the generators My4:
; 68 1 4S8 sS

oD e, 2 st 22—,
Swll ) Sel! ! s

W;S = -\
! ¢ s s

Note that these identities hold separately for both actions,
S4D) and Sp,. Defining

6Sm 8Sm

17 ”::(Sa)—”’

T oSel”’

we may rewrite (2.29) as

1 s§SUD) 1 §55¢4D)
re! T+ —DT; = —de’ S
et Ao ¢ Sw!’ A Sel
(SS(4D) 4as(4D)
P — 5P = W,;S@P) = 0,
TS 7Y el !

(2.30)

the last equality expressing the invariance of S This leads

to the general continuity equation
22¢’ T+ DT; = 0. (2.31)

The 3-form 77 is related to the energy-momentum tensor
components 7V in the tetrad frame by

1
’T[ = 88NJKL ’TNIeJeKeL. (2.32)

If 7;; = 0, i.e., if the matter action Sy, does not depend on
the spin connection w, (2.31) is interpreted as the continuity
equation for energy and momentum.

2.2.2 Partial gauge fixing of the Chamseddine theory

From the gauge transformations (2.24) leaving the action
(2.22) invariant, one sees that a possible partial gauge fixing
is given by the four conditions

®'=0, I1=0,...,3. (2.33)
The total action, including matter, then reduces to
|
S = —/ E[JKLCI)4F1JFKL + Sm

8 Jm,

1

= -/ ek @ (R —si2ele”)
8 My
(REKL — 22K ely + Sp, (2.34)

where the matter action Sy, is supposed to be independent of
CDA, as above, but will also be assumed not to depend on the
spin connection w from now on. The field equations derived
from the latter action—to which we may add a matter action
Sm, supposed to obey the same (A)dSs gauge invariance as
the pure Chamseddine part—are

1
= —ESA2<D4611KL(6JRKL —sAZeJeKeL) +7; =0,

sel
38 1 40 pKL 2 KL 204 K 1y, L
ST = S€lKL (dcb (RKL — 532eK by 4 2522 0%K De ):o,
55‘ 1 1J 217 KL 2 K L
WzgeleL(R —sAe' e’ )(R™" —sA%e”e™) =0,
(2.35)
where 7! := De! is the torsion and 7; the energy-

momentum 3-form (2.32).
Comparison of the first of Eq. (2.35) with the standard
Einstein equation in the first order formalism,

A
EIJKL <61RKL - geJeKeL> = —167G1T;,
T! = De! =0,

(2.36)

suggests one to identify 351> with the cosmological constant,

A =352, (2.37)
and to define the function
G(x) 3 (2.38)
X)) = ——— .
8w Ad4(x)

as a variable “Newton parameter”, proportional to the inverse
of the dilation field ®*. With this, the field equations (2.35)
take the form

@ Springer
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A
€1IKL <e’R“ - geJeKeL) = —167G(x)T;,

A A
€1JKL <dG(X) (RKL—§6K6L> —2§G(x)eKDeL) =0,

A A
€1IKL <R” _ §e1e1> (RKL _ §6K6L> =0,

where we have emphasized the x-dependence of the Newton
parameter G.
Let us finish this subsection with some comments:

(2.39)

1. The theory is clearly singularin A = 0. This value would
correspond to a vanishing s in the (A)dSs metric (A.2),
which thus would become singular.

2. The first field equation in (2.35) has the form of the usual
Einstein equation in the first order formalism, but with
varying Newton coupling parameter G (x). The second
one determines the torsion 7/ in terms of the basic fields
o'’ el and G. In particular, the torsion is zero if G is
constant. The third equation is a new constraint. One must
emphasize that the torsion here is not an independent
field.

3. A canonical analysis [19] shows that the number of phys-
ical degrees of freedom of the theory is three: this corre-
sponds to the two degrees of freedom of the gravitational
field plus one corresponding to the scalar dilaton field
®*—the Newton coupling parameter G.

4. Inthe absence of matter, an obvious trivial solution is the
constant curvature and torsion free (anti-)de Sitter space:
Rl = ée’ e’

5. The last equation, which clearly admits the constant cur-
vature solution, is also compatible with non-trivial solu-
tions, as the examples treated below do show.

6. It is interesting to note that the gauge fixing condition
(2.33) is nothing but the first of the gauge fixing condi-
tions (2.17) [see Definition (2.21)].

2.2.3 Energy-momentum continuity

In Einstein theory, the continuity equation for the energy-
momentum tensor reads, in the first order formalism used
here,

DT; =0, (2.40)

where D is the exterior derivative with respect to the spin
connection w’” and the 3-form 77 is related to the energy-
momentum tensor by (2.32). The continuity equation (2.40)
follows from the Einstein field equations (2.36) and the
Bianchi identity DR/ = 0. As we saw in Sect. (2.2.1),
it turns out that it still holds in our case, as a consequence of

@ Springer

the (A)dSs invariance expressed by the identity (2.30) and of
the hypothesis we have made that the matter action is inde-
pendent not only from the scalar fields @, but also from the
spin connection w.

Itis interesting to look at the identity (2.30) with the gauge
fixing condition ®/ = 0 being applied. Taking into account
the hypothesis that Sy, only depends on the tetrad e, this leads
to the identity

A, 88 A 88
Y uqf‘_

DT; =
I=73° sol7 3 sl

’

®1=0

where S is the total gauge fixed action (2.34), and S the total
action (2.28) before gauge fixing. Since D7; = 0, the latter
identity shows that the equation

S

®1=0

is valid “on shell”, i.e., if the field equations (2.35) of the
gauge fixed theory are satisfied. This is just the equation of
the non-gauge fixed theory obtained by varying ®, taken at
®! = 0. In fact, the on-shell validity of (2.41) can be derived
directly from the Ward identity (2.29) taken at ®/ = 0, as
one can easily check.

2.2.4 The field equations of the Chamseddine model as
particular field equations of the dimensionally
reduced 5D Chern—Simons theory

One may ask if the equations of motion derived from the
truncated theory, namely the Chamseddine model equations
(2.25) and (2.26), together with the truncation equations
(2.19) and the x-independence conditions (2.18), are also
solutions of the equations of motion (2.5) of the full original
(A)dSe Chern—Simons theory. In the following we show the
answer is positive.

The field equations of the full CS theory reduced in four
dimensions are given by (2.14) and (2.15) together with
(2.13). After imposing the truncation (2.19) together with
the restriction (2.18) and the relabeling (2.20), (2.21), the
curvature components take the form

FIY =RV — 532!’ Fl* =0, FI3=Dpe!, F¥ =0,
FIV =0, Fl*=-ipo! —si%lo*, FI5=0

Fy® = 2d®t — 3% o (2.42)
Inserting the expressions (2.42) in the eight equations (2.14)
and (2.15), we obtain four trivial equations 0 = 0, and four
non-trivial ones which are identical to those obtained from
the action of the (A)dSs Chamseddine model, Eq. 2.27. We
conclude that the set of solutions of the equations of motion
of the (A)dSs is a particular subset of the solutions of the
general (A)dSe Chern—Simons theory.
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It is noteworthy that the four trivial equations are those
derived from the CS action by varying the four fields des-
tined for truncation. Had we performed any other sort of
truncation in the field equations, we would have obtained
more independent equations than what one obtains directly
from the truncated action.

It is also enlightening to see that the effect of the trunca-
tion, when applied directly to the original (A)dSe connection,
leads to
A= AP M pdx + @4 Pydy, (2.43)
where A48 and ®4 were introduced in (2.20) and (2.21).
We see that the effect of the truncation is to confine the
(A)dSs5 symmetry to a four-dimensional connection, whereas
the “translational” sector of the group is restricted to the x
dimension. Then it is clear why the truncation, which may
seem not obvious at first sight, results after some simpli-
fications in a four-dimensional (A)dSs gauge theory with
@ a four-dimensional scalar transforming as a vector under
(A)dSs transformations.

The curvature associated with the truncated connection
(2.43) s

F = {FiEMypdxtdx” + D, &* Pydxtdy. (2.44)

A straightforward calculation shows that by replacing the
above result in (2.5) we obtain (2.25), (2.26), the field equa-
tions of the truncated action (2.22).

3 Linear approximations

In order to investigate the Newtonian limit of the Chamsed-
dine theory or to look for the presence of wave-like solu-
tions of the theory in the vacuum, we split the field variables
between background ones, marked with an index 0 on the
top, and perturbations as follows:

oV = 4V, L= +n', G=G+¢. (3.1

Up to terms of order higher than one in the perturbation, the

curvature R = dw + o? and the torsion T! = De! read
R = R 4 Pal! . T! = 1 DAl tal e

where D is the covariant derivative corresponding to the
background connection . The background considered here
is a constant curvature de Sitter space-time, solution of

pli_ A

3
hence the expression F!/ = R/ — %elej

éle! =0,
is of first order:

Fl/ =f” (4 orders > 1),

o A
1 = pal’ - g(élhj —&'nly.

We shall also assume that the zeroth order Newton parameter
Gisa (non-zero) constant. The second field equation then
implies that the zeroth order torsion is vanishing: 7! =o0.
The first field equation shows that the energy-momentum 3-
form 77 must be considered to be of first order, and the third
equation is identically solved up to and including the first
order.
The first and second field equations read, at first order,

\ A
errkLé’ <DaKL——(éKhL—éLhK)> = —87GyT;,
3 3.2)
erjkrGo &K (Dhl + aljéj) =0,

where Gy = G is the Newton parameter at zeroth order,
interpreted as the actual Newton constant. The second of
these equations implies a vanishing torsion at first order, too:

Dn!' +a' ;¢ =o0.

We are thus left with the first of equations (3.2), where the
first order connection a’’/ may be solved in terms of the
vierbein perturbation components hlI,L and their derivatives
through the null torsion condition. This is just Einstein GR
with cosmological constant at first order of the perturbation,
in a de Sitter background.

A first implication is that the theory admits a Newtonian
limit like Einstein’s does. A second implication concerns the
theory with cosmological constant in the vacuum. Since at
first order the theory coincides with Einstein’s, we can rely on
the results of an extensive study made by the authors of [20,
21], where they show that, beyond the constant curvature
solution, there are propagating wave solutions. We refer to
their paper for more details.

4 Cosmological solutions

In order to explore the physical content of the Chamsed-
dine model, we look in this section for solutions of the cos-
mological type and compare them with the known ACDM
results [22].

4.1 Isotropy and homogeneity

We examine the solutions of the field equations (2.35) consid-
ering a space-time foliated by a family of isotropic and homo-
geneous three-dimensional spatial slices, as described by the
standard Big Bang cosmology. The metric that describes
this is the Friedmann—Lemaitre—Robertson—Walker (FLRW)
metric, given by

dr?
1 —kr?

ds? = —d> + a*(t) |: + r2d6? + 2 sin® 6 dgoz} ,

@ Springer
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depending on the time-dependent scale factor a(z) and the
space curvature parameter k = 0, =1. The space-time coor-
dinates are the time coordinate ¢ and the spatial spherical
coordinates r, 8, ¢. The FLRW metric admits six isometries
generated by six global Killing vectors associated with three
spatial translation &) and three rotation &[4 invariances—
i.e., such that L¢80 = Lg,, §uv = 0—which read in Carte-
sian coordinates x4, a = 1, 2, 3,

Ea@y =V 1 —kr?d,, and &ap = x40p — Xp0a.

We assume that the torsion and the scalar field (the Newton
parameter G) have the same isometries as the metric, i.e.,
LeT?,, = 0and LG = 0. These conditions imply G =
G (1), and the non-vanishing components of 7%, are® [23]
2f®)a(@)
V1= krZsing’

T = T% = T%; = h(1)

T'pp = 2f (a()r*V1 — kr2sing, T%g =

2f(t)a(t)sin 6

V1 —kr?

where f(¢) and h(t) are functions of time to be determined
by the field equations.

Working in the first order formalism, we have to choose a
corresponding parametrization of the vierbein. A convenient
choice [23] is”:

0
7%, = —

t
& = dr, el = —a( ) dr,

V1 —kr?
> = a(t)rdd, e = a(t)r sinOde.
In this basis the torsion 2-form becomes

T°=0, T'=h()e'e + f(1)ejrele

(The indices i, j . .. take the values 1,2,3.) The spin connec-
tion w which gives rise to this torsion reads

; V1 —kr?
Y — (H+h)e, o?=-""" i A
ar
1 —kr? t0
a)31=—re3—f62, w3 = Y s e,
ar ar

where

H :=a(t)/a(t) 4.1

is the Hubble parameter. The Riemann curvature is given by
O — ((H +h) + H(H + ) e’ + f(H + hye'jpel e,

RV = ((H +h)?+ = — f ) el + (f + Hf)egered.

8 Torsion T/, is defined by T’

9 This choice amounts to a gauge fixing of the local Lorentz invariance.

— De! PGPl
= De", whereas T°,, = e} T" .

@ Springer

Consequently
0i T AN o
+f(H + h)sijkejek,

_f2_%>eiej

+(f + Hf)e”kekeo

Fi — ((H +h)?+

4.2 Field equations

We assume matter to consist of a perfect fluid of density ppy
and pressure pp,, with an energy-momentum tensor 7/ ; =
diag (—pm, Pm> Pm> Pm)- Substituting in the field equations
(2.35), with dG = GeP, we get the system of differential

equations
k A 8t G
vy 2 22 _ 277 , 4.2
T 373 fm @2
2, K 2 )
U +—2—f —A+2(U+HU) =—87G pm, (43)
a
5 A 2A
k A . A
U+ = —f2—=|(U+HU-=
< +a2 ! 3)( * 3)
—2fU (f + Hf) =0, (4.6)

where U := H 4+ h and G = G(¢) is the Newton coupling
parameter (2.38).

4.3 Continuity equations

A first continuity equation for the energy and pressure of mat-
ter follows directly from the energy-momentum continuity
equation (2.40). Calculating the components of the energy-
momentum 3-form 77, from (2.32) one finds

t L
To = _/Om6( )Gijkelejek,

t .
T = —me()eijkeoe-’ek,
consequently

3.2 o
Hal(t sin 0

To = —,om(t)eleze3 = _)Om( Ja@)r dr AdO A de,

V1 —kr?
Ti = —pm()e®e?e® = —p(H)a@)*r*sinddr A do A dg,
a(t)2r sin 0

T = —pm)elee! = —p, (1) dr Ade Adr,
" T = k2
a(t)?r
T3 = —pu()ele'e® = — pp (1) ————dt Adr A d6.
" e
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The equation D7y = 0 yields the density—pressure—torsion
continuity equation

Pm + 3H (pm + pm) + 3k pm = 0. 4.7)

The equations D7; = 0 fori = 1, 2, 3 are trivially satisfied,
being of the form 0 = 0.

Note the torsion dependence in the last term of (4.7). How-
ever, for a matter with zero pressure (cold matter, dust), this
continuity equation takes the usual form [24]:

% (pma3) —0, if pm=0.

A second continuity equation can be found in the follow-
ing way: One notes that, substituting U = H + h in Egs.
(4.2) and (4.3) leads to analogs of the standard Friedmann
equations:

_ 871Gy

(4.8)

H? pots 2H +3H? = —87Go prot (4.9)

where G is the Newton constant, taken as the present value
of G(t), and piot, Prot are the “total density and pressure”,

G
Pot = == (Pm + ok + o1 + PA)
Go

G
ptot=G—0(pm+pk+pT+pA),

with
3k A
871G a? "8G
1 . ]
Pk =—pk/3. pr=—=Qh+4Hh +h>— f?), pr=—ps.
87 G

3
= =" (f2—2Hh —h?),
Pk oT SnG(f ), PA

pr and pr may be interpreted as the contributions of the
torsion to the total density and pressure pi; and pior. AS a
consequence of the Friedmann-like equations (4.9), the total
density and pressure satisfy the continuity equation

Prot + 3H (prot + prot) = 0.
4.4 Pressure-less matter with A > Oand k =0

In this subsection we present the general solution of Egs.
(4.2)—(4.6) in the case of pressure-less matter (cold matter
or dust), with p, = 0, with a positive cosmological con-
stant A and a null curvature parameter k, as favored by the
observational results [22]. From Eq. (4.5) follows

. A
either f(t) =0, or GU — EG =0.

We have first checked that the former case leads to the “triv-
ial” solution of a null torsion de Sitter space with cosmolog-
ical constant A, the vierbein or the metric being defined by
the scale parameter a(t) = exp(y/A/3t).

We hence assume the function f(¢) to be non-vanishing.
The equations to be solved are Egs. (4.2)—(4.4), (4.6), and
the second of (4.10), together with the Hubble parameter

(4.10)

definition (4.1) in terms of the scale a(¢). The general solu-
tion is given by the following expressions!?, where the time
coordinate has been redefined by

T(t) := \/Kt
.— g .

Scale parameter:

a(t) = C4 (3¢70 + C3¢770) ' (cosh (1) — €1)) Y3
@11

Torsion parameter f(t):
@) = “/TX [(—9e2f<f> 30 + (6e2”’>—2c3) tanh(z (1) —C1)

" (3€2T([)+C3) tanh? (7 (t) — C1)> / (332r(1)+C3):|1/2 .
4.12)

Torsion parameter h(t):

Bty = [A (=3¢*™ + C3 + (3¢**® + C3) tanh(z (1) — C1))
V3 9e27(") +3C5

(4.13)

Hubble parameter H = a/a:

H(t) = \/§tanh(t(t) — C1) — hlt].
Newton parameter G(t) = —3/(8x AP (1)) [cf. (2.38)]:

(4.14)

G(t) = C2sinh(t(r) — Cy). (4.15)
Cold matter density:
Pm(t) = J ((H(r) +h(®)* — f2(t) — ﬁ) (4.16)
m 87 G(1) 3)° 0

The four integration constants Ci, C2, C3, C4 and the
cosmological constant A have to be determined by five phys-
ical conditions, which we choose to be

a(0) =0 : hypothesis of a Big Bang,
a(typ) =1 : to = present age of the Universe,
H(ty) = Hy : present value of the Hubble parameter,
G(ty) = Go : present value of the Newton parameter,
pm(to) = po : present value of the cold matter mass
density, (4.17)

with the present observational [22] and experimental data
given by

1o =13.8 x 10°Gy (1 Gy = 10° years = 3.1558'5),
Hy = 0.0693Gy ™!,
00 = 2.664 x 10727 Kgm ™3,

10 The solution is obtained using the program Mathematica [25].

@ Springer
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Go = 6.674 x 107" m?s 72 kg™ !

For comparison with the standard ACDM results, we need
the ACDM formula for the scale parameter a(¢), for a Uni-
verse dominated by cold dark matter of the present relative
density [22] 2, = 0.309. With the contribution of radiation
neglected, the normalized ACDM scale parameter reads [24]

axcpMm(?)

2/3
- <sinh (%H()\/I—Qmo t) /sinh (%H0\/1—9m0 z0>> .

(4.18)

Figure 1 shows the time evolution of the scale parameter
a, of the Hubble constant H, of the deceleration parameter g
=—da/ ([mz), of the mass density pp,, and of the normalized
Newton parameter G/ Gy, each one being compared with the
corresponding ACDM quantity. Except for the deceleration
q, the deviations are rather small. The Newton parameter,
which has to be equal to the actual Newton constant G at
the present time, shows a slight decrease toward the past,
growing to ~85 % of its present value near of the Big Bang.
The deceleration g differs notably from the ACDM one, but
the time of the transition between the deceleration and the
acceleration era almost coincides. The present value g (ty) =
—0.25 is, however, only half of the ACDM value.

Time evolutions of the torsion parameters 4 and f, as well
as the relative densities Qp, (1), Q4 (7), and Q7 (¢) for matter,
cosmological constant, and torsion, respectively, are shown
in Fig. 2a, b.

We observe from Fig. 2c that the end of the cold matter
dominance area, att ~ 10.2 Gy for ACDM, occursatt ~ 8.5
Gy for our model, matter dominance being defined, in the
latter case, as the dominance of 2, over the sum Q + Q7.

Finally, the present values of the concentrations are:

e Qn(f9) = 0.308 (which belongs to the input data),
o Qx(ty) = 0.289,
e Q7 () = 0.403.

This has to be contrasted with the ACDM values Q2 (fg) =
0.308 and 24 (o) = 0.692: in our model the torsion con-
tributes together with the cosmological constant to the accel-
eration.

Finally, as a matter of verification, we have checked that
our solution of the field equations does satisfy the continuity
equation (4.8).

4.5 Search for other solutions

Since torsion may contribute to the acceleration, as in the
solution studied above, one could expect solutions present-
ing a positive present acceleration even with a negative cos-
mological constant. This occurs for instance for the class of
models investigated in [23]. In our case, we have checked
that there is no solution with A < 0 and a positive accelera-
tion fulfilling the physical boundary conditions represented
by the present values of the cold matter density and of the
Hubble and Newton parameters. Another class of solutions
with a bounce at some time in the past do exist, but none of

H(t)
a®) (@) b) oy )
0.6f
1.0[
0.5f
0.8}
P 04f
0.6f L
2 0.3F ‘ L
0.4l = ~—10 12 14
L 0.2F RN
02f A Y
? 0.1F 0.4} S
2 4 6 8 10 12 14 0 2 2 6 8 10 12 14’ ™~
Vomd G(t)/GO
m m
pm(t) o d) 1o @)
150F
' 0.98
'
\ 0.96
w00f 4
! 0.94
\
\
0.92
s50f
0.90
Lot 088 L L L L L L \[
2 4 6 8 10 12 14 0 2 ) 6 8 10 12 14

Fig. 1 aNormalized scale parameter a(¢); b Hubble parameter H (¢); ¢ deceleration parameter ¢ (¢); d cold matter density pp, (¢); e time-dependent
gravitation coupling parameter G (t); Solid lines model predictions; dashed lines standard ACDM results
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fit), h(t)

05t (@) amw), oA, QT
0af } 15

0.3f "
0.2}

0.1p

am(), QAQ+QT()
(b) 15

1.0

()

0.5F

05}

0.5

Fig. 2 aTorsion parameters f (¢) (solid line) and h(t) (dashed line); b relative densities 2y, (¢) (solid line), Q (t) (dashed line) and Q7 (t) (dotted
line); ¢ Qu, (1) (solid line)and Q2 (t) + Q7 (t) (dot-dashed line); ACDM results are shown for Q, (dashed line) and 25 (dotted line)

them is compatible even roughly with the physical boundary
conditions.

5 Conclusion and outlooks

We have seen in rather great detail how the dimensional
reduction and truncation of the (A)dS¢ Chern—Simons theory
in 5D to the 4D Chamseddine model is working. In particular,
we have shown that the field equations of the latter form a sub-
set of the field equations of the former, which is a non-trivial
result. Chamseddine’s theory involves a scalar dilaton-like
field which we have interpreted as a varying Newton cou-
pling parameter. We have explored the solutions of the field
equations, focusing on two examples. In the first one we have
shown the existence, in a linear approximation, of a Newto-
nian limit and of gravitational waves of the same type as the
ones of standard GR. The Newton parameter is supposed to be
constant in the zeroth order and turns out to remain undeter-
mined at first order. The wave solutions confirm the canonical
result [19] of three degrees of freedom: two for the “graviton”
and one for the Newton parameter field. The second example
is of the FLRW cosmological type. We have found a solution
with boundary conditions corresponding to the present values
of the physical parameters: the Newton and Hubble param-
eters, and the cold matter mass density. It shows a behavior
fitting rather well that of the standard ACDM model, at least
qualitatively. The cosmological constant of this solution turns
out to be positive, however, smaller than that of the ACDM
model, the torsion contributing substantially to the present
acceleration of the expansion. A similar but different model
has been studied by the authors of [23]. The main differ-
ence is that, in their action, a scalar field appears as a factor
only in the supplementary term, quadratic in the curvature.
In our case, the scalar field appears as a common factor of the
whole Lagrangian density and, moreover, the term quadratic
in the curvature is not independent due to the constraint of
the (A)dS5 gauge symmetry SO(1,4) or SO(2,3).

A study of the full 5D Chern—Simons theory is under way,
with one spatial dimension being compactified [19]. It will
allow one to explore a larger domain of solutions, this theory
possessing 13 degrees of freedom as shown in [17,18].

Concerning the quantization, the prospect [19] is for a
Loop Quantization [1,2] of the 5D CS theory. Indeed, the
latter is generic in the sense of the authors of [17,18], i.e.,
the scalar or “Hamiltonian” constraint is a consequence of
the other constraints, which are easier to solve [1,2].
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Appendix: Conventions and notation

A.1 Conventions

4D and 5D space-time indices: u,... = 0,...,3 and
o,...=0,...,4.

3D and 4D space indices: a, ... =1,...,3andm, ... =
1,...,4.

The de Sitter or anti-de Sitter groups SO(n,N-n) are collec-
tively denoted by (A)dSy. Their indices and corresponding
invariant metrics are denoted by

(A)dSg: M,N,...=0,....,5 nuy=dag(—1,1,1,1,1,s),
(A1)

(A)dSs: A,B,...=0,....4, nap=diag(—1,1,1,1,s),
(A2)

where s takes the values 1 for dS or AdS, respectively. 4D
Lorentz SO(1,3) indices are denoted by 7, ...=0, ..., 3), the
corresponding metric being ny; = diag(—1, 1, 1, 1). These
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metrics and their inverses allow one to lower and raise the
various group indices.
The respective Levi-Civita symbols are defined as

EMNPORS = £012345 =1,
EABCDE4 ‘= EABCDE,
EABCDE = eo1234 1= 1,
E1JKL4 = E[JKL>
g0123 := 1,
E[JKL = .
£0ijk ‘= Eijk

for the internal spaces, and

01234 ._ 1
80(;3)/85 _Jé = b
- 8lwp<74 = S,uvpcr’

0123 . 1,

wvpo _
€ - {EOabc — Eabc

)

for the 5D and 4D space-times.

A.2 Lie algebra basis

A basis of the Lie algebra (a)dse of the group (A)dSg may be
given by the 15 matrices Mpg = —Mgp:

(Mpo)" y :=—(pnng — npNdY)
satisfying the (a)dss commutation relations

[Myn, Mpol = —nmoMnp — NP Muyo

+nmpMno +nNoMup. (A.3)

One can decompose this basis according to representations
of the 5D Lorentz group SO(1,4) as

Map

Mun = { Pa = AM s

where a positive dimensionful parameter A has been intro-
duced, related to a cosmological constant A ~ sA% (s = 155)
of a 5D gravitation theory. The commutation relations read
now

[Mag, Mcpl = —japMpc — ipcMap + lacMpp
+nepMac,
[Mag, Pcl = fac P — 1Bc Pa,

[P4, Pgl = sA>Mag, (A.4)

with n4p = diag(—1, 1, 1, 1, 1). The ten generators M4p
generate the 5D Lorentz group, and together with the five
generators Py, generate the (A)dSe group for 5D space-time.
The M 4p may be represented by the 5 x 5 matrices

(Mcp)?p = —887BD — ficBSp).-

The first line of A.4, namely

@ Springer

[Map, Mcpl = —mapMpc — npcMap

+nacMpp + nppMac. (A.5)

but this time with the metric nap = diag(—1, 1,1, 1,s),
gives the commutation rules of the Lie algebra of (A)dSs.
Its decomposition according to representations of the 4D
Lorentz group reads

My,

Map = {P, =AMy

In the same way as above we have introduced the dimension-
ful parameter A related now to the cosmological constant of
a 4D gravitation theory. Thus

My, Mkl = —niLMyk —njg ML
+nikMyL +ny.Mik,
[M;;, Pkl =mnik P; —nyk Pr,
[P, Py =s)>My.
We are also interested in the full decomposition of the (A)dSg

algebra according to representations of the Lorentz group
SO(1,3):

Myj, Pp:=AMys, Qp:=iMu, R:=Mss, (A.6)
(Mry, Mgl = —niLMjx —nixMiL
+nixkMyr +n.Mik,
[Mry, Pkl =nixk Pr —nsk Pr,
(Mry, Okl =nmk Qs — ik O1,
(M, Rl =0,
[Pr, Pyl =s)>Myy, [Q1, Q71 ="My,
[Pr, Q11 =3"n1sR,
[Pr, Rl =sQy, [Qr, Rl=—Pr. (A7)

A.3 Dimensions

The dimensions of the fields and the parameters of the theory,
given in mass units, are

|ds |o!/ |e! |A|A| M| Py
dim[—1| 1 J0o[1[2] 0 |1
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