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This is a brief summary with comments on selected contributions to the Cosmology and Gravitation section at
the 24*" Brazilian Meeting on Particle and Fields (ENFPC XXIV), held at Caxambu, from September 30 to
October 4, 2003.

1 HIStOI‘y and Trends ground-based experiments, but evidenced a deficit of fluc-
tuation power on the largest scales, and also a variation of

The earliest known publication on Einstein’s Relativity in the spectral index in the primordial perturbation. In his own
Brazil is the little book by Amoroso Costa back in 1922 [1]. conclusion, “these measurements have confirmed the para-
After that, a more technical book by Pedro Rache appearedmeters of the current ‘concordance model’ of the Universe,
only in 1932 [2]. Research papers properly may be trac- but with some intriguing pointers towards ‘new physics’ "
ked back to the early forties, with the collaboration between [4].
Mario Sctonberg and Chandrashekar in Chicago [3]. Re- The second plenary talk by Jerome Martin (Inst.
gular and systematic academic programs similar to the onegd’Astrophysique de Paridhflation and Precision Cosmo-
we have today, leading to graduate degrees, started in thdogy, reviewed the inflationary mechanism in cosmology
mid sixties, with F. Kremmer in the state of Pasaand and its consequences to the CMBR anisotropy and forma-
with C. Oliveira at the Centro Brasileiro de Pesquisas Fi- tion of large scale structures. The predictions of inflationary
sicas (CBPF) in Rio de Janeiro. This gives us an estimatetheoretical models were compared with the WMAP data,
of approximately 40 years of development of an effective showing an agreement between them. The talk also included
academic research on cosmology and gravitation (CGR) inan interesting discussion on the trans-Planckian problem of
Brazil. inflation. That is, the fact that all the scales of astrophysical

During this period we have grown to approximately 150 relevance today were, at the beginning of inflation, smaller
researchers in that area, scattered through almost all statethan the Planck length. Finally, possible observational sig-
of Brazil. The present meeting counted with a total of 84 natures, in particular in the CMBR anisotropies, leading to
contributions in CGR alone, including two invited plenary topological definitions were also discussed [5].
talks, three parallel presentations, 20 short oral communica- These two talks have set the background for the great
tions and 59 poster presentations. Here we present a sammajority of the discussions on Cosmology during the mee-
pled analysis of these contributions, assembled in just a fewting. Therefore, itis natural to start with cosmology, moving
categories. towards the local aspects of gravitation.

There is a noticeable tendency towards cosmology, with
53 contributions, against a only 31 from topics in local gra- .
vitation, a clear demonstration of a new trend. This is hardly 1.1 Essences of Inflation

surprising, considering the present status of cosmology asa number of possible answers to two of the major open
a highly experimental and interdisciplinary part of physics, guestions in today’s cosmology were presented: what cau-
which has provided us with a vast and challenging collection sed the past inflation and what causes the current accelerated
of data waiting for explanations. expansion of the universe?

Therefore, it is also no surprise that the two invited ple- The presently popular quintessence model features a slo-
nary talks on CGR were on the main experimental results Ofw|y decaying scalar field associated with a phenomeno|ogi-
observational cosmology, the accelerated expansion and theal potential with a small energy density, of the order of to-
cosmic background radiation (CMBR). day’s value of the Hubble parametsf, ~ 10~42GeV [6].

The first plenary talk by A. Lassenby (CavendisBps- One known criticism to this model is that it is difficult to
mic Microwave Background - Recent Results and Their Im- conciliate such small repulsive new force with the present
plications for Cosmologyanalyzed the results on the CMBR  efforts to solve the hierarchy problem for fundamental inte-
from the Wilkinson Microwave Anisotropy Probe (WMAP) ractions [7]. Therefore, it is natural to ask if it is possible
experiment released early this year. to build a quintessence model starting from the phenome-

After reviewing the present observational situation, it nology, for example using the known data on the dynamics
was pointed out that those results confirm previous measu-and thermal history of the universe, instead of postulating a
rements of the COBE satellite and more recent balloon andpotential, [8].
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Along a similar line, we could also look for a possible On the other hand, the same observations suggest tha
relation between the primordial inflationary period and to- the universe is nearly (spatially) flat, with the rafib =
day’s accelerated expansion. Using the quintessence mode}/p. of the total energy densifyto the critical energy den-
it has been conjectured that both accelerated periods are desity p., being very close to one. This is compatible with
cribed by the same scalar field, with a particle production the predictions of standard inflationary models which also
associated with a non-zero coupling between matter and thepredicts this ratio to be closer to one by several orders of
inflaton [9]. magnitude. Such analysis has been suggested as a way t

On the other hand, particle creation associated with in- distinguish between two cosmic topologies as opposed to
flation can be explained in different ways. For example, it the usual detection based on pattern repetition. This analy-
may be considered as a result of the gravitational field th- sis may decide which topologies are potentially detectable
rough an irreversible process, or at the expense of the scalabut not excluded by observation [18].
field together with a phenomenological friction term [10]. Since The Chapligyn gas behaves sometimes as attrac

It is also possible to suppose that that inflation started attive and sometimes as repulsive depending on the value of
finite temperature, leading to a super cooling during the first the paramete€’, it has been conjectured that it must be also
inflation phase, remaining cool till reaching the end of that associated with a topological change in the universe. At le-
phase, followed by a reheating period [11]. ast one analysis indicates that the delectability of the topo-

The non-linearity of the decay of inflation as a cause of 109y of a universe dominated by such gas is very unlikely
the reheating of the universe was described as a long time rel19]-
gime dynamical system, characterizing a turbulent state with ~ Previous measurements on the CMBR have indicated
a non-linear transfer of energy and the consequent thermali-some incompatibility with the cosmic strings structure. This
zation of the created matter [12]. was confirmed by the WMAP experiment as mentioned in

The Chaplygin gas model proposes a unified description the plenary talk by Lassenby. Nonetheless, some sophistica:
of dark matter and dark energy with a single substance spei€d efforts have been made to place cosmic strings back on
cified by a hyperbolic state equatipn= —C/p, [13]. The  the track:
observational constraints on such fluids using data from the  In one example the cosmic string structure may be mo-
supernova type | (SN|a) experimentS, the statistics of gravi_ dified by the addition of an electrical current, such that it
tational lensing and the FR 2b radio galaxies were also stu-Would adjust to the measurements of the CMBR. This can
died, showing the best fits for the situations close to the mo-be implemented within the scalar-tensor context, showing
del composed by the cosmological constant plus cold darkthat the inclusion of electromagnetic properties induces lo-
matter \C DM) limit [14]. garithmic divergences [20].

In addition, torsion may also be included in a current-
carrying cosmic string. The joint effect of current and tor-
1.2 Topology and Topological Defects sion would change the gravitational force and the geodesic
equation of a test-particle moving around such “screwed”
The experimental detection of the topology of the universe string [21].
and the compatibility of topological defects with experimen- In a different approach to the same problem, the cosmic
tal data was discussed in several occasions during the meestring was altered by the inclusion of a dislocation. Howe-
ting. In particular the question concerning the determination ver, in doing so, an observer traveling along such string with
of the topology of the universe in a theory that is based ex- increasing velocity, would eventually witness the formation
clusively on its local Riemannian metric geometry, as it is of a time machine. This apparently undesirable effect can
the case of General Relativity, leads naturally to the ques-be fixed by considering a quantized scalar field around the
tion on how to interpret any possible experimental measure-string [22].
ments on the topology of the universe [15]. The finiteness
of the universe has been academically discussed for a long
time. Back in 50BC, Lucretius [16] wrote: 1.3 Quantum Cosmology

A time independent quantum gravity program based on the
Wheeler-DeWitt (WDW) equation is generally known as
Quantum cosmology (QC) [23]. Since in this case time does
not exist, in one interpretation the solutions of the WDW
equation can be seen as being timeless (or eternal so ftc
However, in face of the recent observational data from speak). Nonetheless, to make sense with the classical li-
the WMAP experiment, it has been estimated that the uni- mit of the theory, an appropriate classical time variable must
verse may be finite or composed of finite cells. In fact using be recovered somehow. In some models, the evolution of a
that data, it was recently announced that the topology of theclassical field attached to the system sometimes is used as
observable universe can be that of a Poia@decahedron time marker. However, generally speaking the recovery of
[17]. The confirmation of such hypothesis still depends on time in QC remains an open problem [24].
the detection of pairs of intersection circles which should Quantum Cosmology describes quantum states of the
necessarily appear in such topology. This is expected to beuniverse and the probability transition between these sta-
confirmed in the next planned experiments on the CMBR. tes. Therefore, it may also associate topological changes

“...the universe is not bounded in any direction. If it were,

it would necessarily have a limit somewhere. But clearly a
thing cannot have a limit unless there is something outside
to limit it..”
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in the corresponding classical universe. We could speak ofved fact has been also understood as an experimental evi-
a quantum topological transition in “quantum topology” as- dence for the existence of large extra dimensions. This in-
sociated with the quantum tunneling. Some estimates showterpretation is possible because large extra dimensions sug-
that such topological transition between homogeneous andgest a modification of Friedmann’s equations by an additi-
isotropic hypersurfaces with different Riemann curvatures onal term. In most models this term can is proportional to
can be characterized by the Greens’ function of the systemthe square of the energy density [33], which does not agree
[25]. with the formation of light elements from the big-bang nu-
With the eventual recovery of the notion of classical time cleosynthesis, suggesting a number of rather creative fixes.

and with the notion of topological transition, we may ask One of these repairs consists in modifying the energy
what QC would say about the recent measurements of thescale of the nucleosynthesis. Admitting that the fundamen-
CMBR and of the accelerated expansion of the universeta| scale is 1 TeV and using a semi-analytic procedure, the

[26]. One possible answer is through the imposition of a primordial Helium abundance appears to be in agreement
classical variational principle. Using the Schultz variatio- with the observations [34].

nal formalism, the notion of time can be introduced so as higher dimensional Minkowski space has also been
to obtain the FRW model by a superposition of discrete sta- cqnsidered as the host space (the bulk) in which the brane-
tionary solutions to the WDW equation. Numerical Simu- \yorld moves as an extended object [35]. In this case, the
lations appear to agree with results obtained through time-p 1k may become a source of gravitational waves itself. In
independent perturbation theory. It turns out that these mo-the case of bulk waves produced by the linear perturbations
dels do not have singularities but they exhibit quantum tun- ot the pulk, we obtain besides spin two fields, other gra-
nelings. Since this may imply in the loss of unitarity, the ity related objects whose nature depends on the number of
probability transition between states of the universe is not gyra dimensions. Therefore, the higher-dimensional gravi-
necessarily conserved, suggesting that the “many-worlds”ational dynamics may produce a difference relative to the
interpretation could be applied to QC [27]. usual four-dimensional one when counting the spin degrees
of freedom [36].

1.4 Gravitation in Higher and Lower- The dependence of the dynamics of an object on the
Dimensions dimension of the space-time also appears in dlﬁerent_ con-
texts. For example, it has been shown that the emission
The four-dimensionality of space-time is an experimental rate for a source with constant proper acceleration in a D-
fact. At least that is what we conclude from Mikowski’'s dimensional Minkowski space-time, minimally coupled to a
own words [28] massless scalar field, is equal to the emission plus absorp-
“The views of space and time which | wish to |ay before tion rates when the static source is in a thermal state. The
you have sprung from the soil of experimental physics andresponse rate is generally proportional to a certain power of
therein lies their strength. They are radical... ” the sources constant proper acceleration, which depends on
Of course, he was referring to the Michelson-Morley ex- the dimensiorD of the space-time [37].
periment and at that time nothing else would indicate thatwe ~ The Aharonov-Bohm effect indicates that the electro-
need more than four dimensions. However, theory, experi-magnetic potential is an observable. By extension a gauge
mental high energy physics and astrophysics have evolvedpotential is also taken to be an observable[38]. Therefore,
enormously since that period, suggesting that we may needooking way ahead at a quantum version of brane-worlds, as
more than four dimensions to describe space-time. realized through the Ashtekar-Smolin loop quantum gravity
In fact, gauge field theory is consistent with the addi- program [39], we may ask if the potentials derived from the
tion of a set of parameters associated with a symmetry groupholonomy of a triad in a brane would also be an observable
which exists together with the Poinéssymmetry. Thischa-  in the sense of the gravitational analogue to the Aharonov-
racterizes an “internal space” which is observable through Bohm effect. An estimate of such effect for the cases the
high energy physics experiments. Therefore, today we couldSchwarzschild and AdS-Schwarzschild space-times, in the
rightfully repeat Minkowski's words, stating that “higher di-  five-dimensional Randall-Sundrum scenario, was presented
mensional physics also sprigs from the soil of experimental [40].
physics”. The difficulty lies in finding the correct way to Since the brane-world program sits at the interface
combine all degrees of freedom in a single space with di- between gravitation and field theory, some of the contri-
mension greater than four. butions on brane-words and applications to cosmology also
One of the most recent proposal in that direction is appeared in the field theory sections of the meeting, where
the scheme of “large extra dimensions”, also known as thequestions relative to the presence of massive Kaluza-Klein
brane-world program, where the four-dimensional space-modes were discussed. In one talk massive gravitons are
time is a submanifold embedded in a higher dimensional considered in thick branes regarded as domain walls associ-
space [29, 30]. The extra dimensions can be as large as ated with tachyon potentials. In the application to cosmo-
micrometer and there are serious experiments under way tdogy, these potentials can be selected so as to describe some
verify Newton's gravity at short distances [31]. Additional form of dark energy. In particular a tachyon matter with
experiments are being planned for 2007, aiming to probe thenegative pressure is suggested as a candidate for quintes-
extra dimensions at the TeV scale of energies [32]. sence [41]. In another talk, the experimental constraints to
The accelerated expansion of the universe as an obserthe brane-world program, associated with the linear gravita-
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tional waves emitted by the bulk and the presence of massivegravitation, one well known example is given by the ther-
Kaluza-Klein graviton modes were discussed [42, 43]. modynamics of black holes, where Hawking’s radiation is
regarded as the analogous to a thermal radiation [51].

In another analogy with optics, Fresnel’'s equation can be
written in a covariant form aiming to an analogy with wave

Quite on the opposite direction, there were a number of
presentations on lower dimensional gravity. For example, a

p_e(zjrfecéﬂwg :’_‘"{h d‘."‘ kme_matlc stilf—slmlllarlty has li[)eer: Ct(?:_]' propagation in curved space-times. The solutions of that co-
sidered In IMENSIONs with circular symmetry. INtIS v ariant equation are intrinsically obtained, showing that the

case, some solutions of Einstein’s equations represent graviy; L S At
ot : ; X : ight rays propagate in eigenmodes with linear polarization
tational collapse in which the final state can be either a black[gz] yS propag g P

hole or a null singularity [44].

A study on inflationary cosmology in 2+1 dimensions, An interesting example is the analogy of dark energy in

cosmology with a classical fluid with negative pressure. Itis

Including dark energy solutions, show that matter and or ra- noted that while in non-relativistic physics negative pressure
diation would interact with the inflaton field through particle . . . physics neg P
is associated to cohesive forces, in relativity it may prevent

production during the inflationary regime. In the present era, M

the interaction of matter and a dark energy component repre-the collapse of a mass dlstnbutpn [53]. .

sented by the scalar field produce a positive acceleration as. e expect that these analogies work in both ways, spe-

a function of the total pressure of the constituents [45]. cially on fundamental issues. For example, we may regard
A similar idea can also be applied to the case of 1+1 di- the geom_e:crlc des_crlptlon of Yang-Mills theory as analogous

mensions, with a scalar field representing the dark energy,!© Einstein’s gravity. Although the latter is not a gauge the-

where a comparative analysis is made for both the Jackiw-OTY: it Séems possible to derive an equivalent gauge theory

Teitelboim and the dilatonic models in arbitrary gauges [46]. (€€ below). The same equivalent gauge theory may offer
an interesting analogy with solid state physics, perhaps with

o ) some interesting geometrical tools.
1.5 Gravitational Wave Detection

The experimental program of gravitational wave detection

in Brazil started in the early nineties with the “Graviton Pro- 1.7  Alternative Formulations

ject”. Later onin 2000 it led to the Schenberg project for the ) .

construction of smaller spherical antennas, which consists! the past years there has been a noticeable interest the de
of the current experiment, mostly developed at the National velopment of the so called Teleparallel Equivalent of Ge-
Institute for Space Research (INPE). neral Relativity. Basically, instead of using curvature this

The spherical detectors (there are three of them) with formulation of Einstein’s gravitational theory uses only the
60cm diameter have a resonance frequency&fiz which torsion. The Riemann curvature of the space-time vanishes
is greater than the laser interferometry antennas. The 1.152nd everything else, including geodesic deviations are han-
Ton copper-aluminum sphere and its 0.5 Ton vibration isola- dléd in terms of the torsion tensor. The complete equiva-
tion system has been cooled down to 2 K for a first cryogenic lence between teleparallel gravity and Einstein's gravity de-
test. pends on the equivalence principle but that seems to be un-

An initial test run has been already made and the first decided [54]. If the total equivalence holds, then this new
operational run at 4-5 K, with resonant frequency at around formulation may not offer much at the classical level, inclu-
3.2 kHz, is expected to operate by mid 2004, with nine trans- ding possible explanations for the dark matter and energy
ducers [47]. problem.

A simulation of the detector was made with the wave In the past, equivalent formulations of Einstein’s the-
generated by two inspiralling neutron stars which eventu- ory like the two-component spinor formulation or the
ally collide into a black hole. The signal-to-noise ratio was Newmann-Penrose formalism, have offered some simplifi-
calculated as a function of frequency for the simulated sig- cations on particular issues such as the Petrov classificatior
nals, showing that the sphere is sensitive enough to detecend on the computer-algebra methods of solving Einstein’s
that kind of signal up to a distance of 18kpc [48]. equations. Later on the spinor formalism and conformal in-

The development and construction of the transducers re-variance led to the development of the conformal spinor or
presents an additional engineering task, which has benefitedtwistor” program, which eventually led to the concept of
from the experience from previously existing antennas. The Spin networks.
present development uses a modification of the transducer It is possible that the contribution of the teleparallel pro-
used for the gravitational wave bar antenna Niobe, making gram rests not on the classical physics but on quantum gra-
it easier to achieve the standard quantum limit of sensitivity vity. Indeed, a major conceptual problem when we want

[49]. to place all fundamental interactions in the same basket is
that Einstein’s gravitation does not behave as a gauge theory
1.6 Analog Models However, as it has been reported in the meeting, teleparallel

gravity appears to be a true gauge theory of gravity of the
The idea behind analog models consists in getting insightsPoincae translational grouff; [55]. In this case we could
on problems defined in a given branch of physics by com- in principle quantize gravity through tl€ connection, be-
parison with an analog problem in another area of physicsaring in mind that th&y group is not an easy one. Besides
or, more generally, of science [50]. In the particular case of being non-compact, it has the rather undesirable property of
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acting nilpotently over the other symmetries, possibly lea- and frequency of the emitted wave, which may result in an
ding to an acute No-Go problem when tffig group is in additional loss of energy [66].

an unbroken combination with the standard gauge groups
[56, 57, 58]. .
2 Concluding Remarks

1.8 Singularities and Black Holes Our sampled analysis of the contributions shows that after
] ) ) approximately forty years, research on gravitation and cos-
Most of the contributions on exact solutions of Einstein’s mology in Brazil not only stays on the edge of most recent
equations concern the addition of a scalar field and to ex-geyelopments, but also has innovated and leaded some lines
plore the its quantum and classical properties, notably in of research. The majority of contributions are on cosmology,
black-hole physics. For example, Hawking’s radiation can \hich we interpret as a natural trend resulting from the very
be determined by means of a massless scalar field. In thg;ge amount of data indicating the existence of a present
particular cases of Schwarzschild and Schwarzschild-de Slt-day accelerated expansion of the universe and the more re-
ter space-times, the response rates at the tree level in termggnt precision measurements of the CMBR by WMAP.
of an infinite sum of zero-energy field modes can be calcu- e topology of the universe has been systematically
lated in a closed form in de Sitter space-time, but not in the g,died in Brazil for more than two decades [67]. We find
in the Schwarzschild-de Sitter case [59]. it particularly relevant that the meeting counted with several

The study of properties of black hole physics like the contribution on the experimental detection of the topology
decay of its mass and the area spectra cannot be completgf the cosmos [15, 18], specially because, just two weeks
without the analysis of quantum gravity. Although such the- after the meeting, it was announced that the WMAP results
ory does not exist as yet, an estimate of some of these propoint to a specific topology and that it could be experimen-
perties can be obtained from the basic properties of a givena|ly confirmed by the next planned experiments [17].
quantum gravity scheme. Still on the experimental facet of the new gravitational

For example, loop Quantum Gravity (LQG) is based on physics, we cannot avoid mentioning the collection of re-
the auxiliary variables program originally developed by A. ports on the Brazilian Gravitational wave Project. The de-
Ashtekar. A connection associated with the holonomy group velopment of higher frequency oriented spherical detectors
of closed loops may be quantized aS@(2) gauge theory,  of gravitational waves list as one of our outstanding efforts
inducing the quantum fluctuations of the metric geometry, [47]. Our expectative is that in the next meeting we will
while keeping intact the diffeomorphism invariance of the have some positive data collected from these detectors.
four dimensional theory [39]. Even if one such theory is  On the theoretical side, we have spotted three relevant
far from complete, it has been claimed to contribute to the contributions: First, the possibility or not of explaining
spectra of black hole area [60]. gamma ray bursts by means of Penrose’s process of extrac-

In an analogous problem but using a more traditional ting energy from a black hole has the merit of opening a de-
approach to quantum gravity, the Arnowitt-Deser-Misner bate on such relevant matter [65]. Secondly, the interesting
(ADM) quantization, together with the de Broglie-Bohm in-  description of the universe as a dynamical system appeals to
terpretation of quantum mechanics, itis also possible to eva-a mathematical aspect in which Brazil has given a substan-
luate the mass spectra in the case of a spherically symmetrigial contribution, namely the theory of dynamical systems
black hole coupled to a massless scalar field. The quantun12]. Thus, future joint ventures on “universe dynamics” are
states of the black hole mass can either increase or decreassxpected and should be stimulated. Finally, it has been sug-
with time, depending on the imposed initial conditions [61]. gested that the gauge potential associated withSttié2)

In another application a massless scalar field may alsotriad holonomy group should have a observational character
explain the emergence of singularities. For example, athrough the gravitational analogue of the Aharonov-Bohm
self-similar solution to the Einstein’s equations in four- effect [40].
dimensions can be obtained, representing the collapse of a It was an extremely gratifying experience to talk with
spherically symmetric, minimally coupled, massless, scalarmost of the contributors during the meeting. We only re-
field leading to a Schwarzschild black hole [62]. gret that we were unable to comment on many other quality

The process for extracting energy from a rotating black- contributions and to be limited to select a just a few topics.
hole as proposed by R. Penrose many years ago has been
considered as a possible explanation for the gamma ray
bursts [63]. These are short bursts of gamma rays at theReferences
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