Foreword

Practical Cosmology and Cosmological Physics

Modern cosmology has entered a wonderful epoch – some call it The Golden Age of Cosmological Physics. Indeed, the tremendous growth of observational efforts directly devoted to cosmological questions shows that cosmology is becoming a mature physical science with its own subject and methods. This is a novel and promising situation for a field which up to recent times has been characterized by a respectable collection of theoretical ideas, but a small number of crucial observations to constrain them. Only half a century ago Hermann Bondi (1952) had to express the state of cosmology at the time so that “the checking of a prediction, which usually forms such a vital link in the formulation of physical theories, does not occur in this field, and we have to rely on less objective and certain criteria, such as how satisfying and how simple a theory is”. 

Observation and theory in concert
Practical cosmology is a science on large-scale physics, which deals with world models and experiments planned for testing them. Cosmological scales of distances, times, and masses are the largest ones available for science. Both astronomical observations and fundamental physics are needed for the study of the realm of galaxies – the cosmological laboratory.  Practical cosmology has an ambitious goal to build a trustworthy world model, which in itself is a major goal of science and is also a necessary tool for interpreting deep-space phenomena of distant celestial bodies whose distances, sizes and luminosities we otherwise cannot infer. 
As all physical sciences, cosmology is based on theory and experiment. Here the theory is the world models, which include cosmological principles and theories of all physical interactions. Experiments consist of astronomical observations (detection of cosmic particles

such as photons, protons, neutrinos, gravitons) and the analysis of gathered data.  

The advancement of cosmology is determined by the growth of observational data and, on the other hand, by the development of fundamental physical theories. Practical cosmology is the science which makes a link between observation and theory. The major goal of practical cosmology is to develop strategies for uncovering and attacking  cosmological problems. Even with the wonderful advanced observational methods available, successful cosmological tests require that we know how to detect and handle different severe selection effects, which may be hidden both in data and in even seemingly secure methods of data analysis. 

Experimental cosmology in our Sample of the World
In the 20th century Edwin Hubble and Allan Sandage started cosmology as a genuine experimental science, with its own methodology. In his Rhodes Memorial Lectures at Oxford (where he studied in 1910–13), given in 1936 and published as the book The Observational Approach to Cosmology,  Hubble (1937)  stated that: ``The observable region of space, the region that can be explored with existing instruments, is a sample of the universe.  If the sample is fair, its observed characteristics should furnish important information concerning

the universe at large.''
These words contain the gist of practical cosmology. ``Our sample of the universe'' is the Local Universe,  where observational data are the most accurate. Within about 1000  Mpc this region of space gives the bulk of information on the galaxy universe. This precious region, where reality is in contact with theory, is the starting point for building world models that attempt to extend our cosmic picture far beyond the observable limits.

The observational approach to cosmology foreseen by Hubble was erected on a firm basis by hard work of many astronomers  during the 20th century. The beginning of practical cosmology may be related to the classical paper by Sandage (1961) The ability of the 200-inch telescope to discriminate between selected world models. Since then cosmology has been a physical, even experimental science with well defined methods to test cosmological models.  Sandage formulated what now are called the classical cosmological tests. These include number-magnitude N(m), number-redshift N(z), magnitude-redshift m(z), angular size-redshift  ((z), surface brightness-redshift J(z), and age-redshift t(z) relations. It was hoped that these predictions could be used with a large telescope and distant objects in order to decide between different  Friedmann world models.  At that time the first task of cosmology was determination of two fundamental quantities: the Hubble constant H0 and the density ( of matter.  

Gradually, it has been realized that severe problems complicate the use of real astrophysical objects as test  bodies for the models.  Selection effects and poorly known evolution in look-back time easily hide from view true model parameters and may even deceive the analyst of the observational data into interesting, but erroneous conclusions.

Only on the verge of the 21st century the development of astronomical observing techniques made it possible to detect stellar standard candles at large distances and to make a new step in the Sandage programme that he founded in 1961. The analysis of the Hubble redshift-distance  relation for high-redshift type Ia supernovae led to the conclusion that the Friedmann model should include an exotic substance, dark energy. "The search  for two numbers" in a relatively simple universe containing only dust-like matter and radiation, had to be much extended  to include the densities of dark matter and dark energy, and the equation of

state of the universe. Currently there are about 15 parameters characterizing the properties of different components in the modern version of the standard cosmological model.

At the conference on Key Problems in Astronomy and Astrophysics held at the Canary Islands, Sandage (1995) presented a list of 23 astronomical problems for the next three decades, in a form analogous to Hilbert's famous 23 problems in mathematics. The following topics in his list are directly related to ``practical cosmology'', the term used by Sandage himself:
· Is the expansion real?

· Evolution in the look-back time

· The distance scale

· Geometry of the universe

· Counts of galaxies

· Nature and amount of dark matter

· Deviations from the pure cosmological expansion

· The intergalactic matter

· Formation time for large scale structure

Since then it has become clear that this list points towards whole directions of cosmological research.  Dramatic discoveries have given those problems new significance and deepness.
The new cosmological physics
During the last decade the cosmic "stage" has become much enriched by new discoveries. Distant supernovae of type Ia, active galaxies and quasars, the thermal background radiation, and very large filamentary structures in galaxy distribution have opened a new page in cosmology.  While the possibilities to test cosmological models are improved by the accumulating observational data, they also give rise to new cosmological ideas.

Especially important new results concern the nature and amount of dark matter. These were obtained by Riess et al.(1998) and  Perlmutter et al. (1999) who measured supernovae at high redshifts close to one. In fact, these works continued Sandage's programme on testing  world models, now using supernovae of type Ia as standard candles. Within Friedmann models, the observed redshift–magnitude relation for the supernovae requires the addition of the cosmological  ( term to Einstein's equations of general relativity. Also new observations

of anisotropy of the cosmic thermal background radiation by the WMAP satellite (Spergel et al. 2003, 2006) confirmed that a dominating dark energy is needed for Friedmann models. 

These unexpected findings gave birth to an intensive development of cosmological

models containing dark energy and shattered the hope that the universe consists of some ordinary (gravitating) matter having the critical density (matter = (crit, which for long was viewed as a standard model.  Now we have arrived at a world where dark energy is the major component and together with dark matter makes the density critical and space Euclidean. This breakthrough into the dark realm has brought into light new puzzling aspects of the modern cosmological model.

From precision cosmology to new physics. 
The last two decades have given us a better understanding of what the real enigmas in cosmology are.  At the same time the scope of practical cosmology has grown. The overly optimistic hope that cosmology is solved (Turner 1999) was in a few years turned into the crisis of the cold dark matter model (Spergel & Steinhardt 2000; Tasitsiomi 2002; Zackrisson et al. 2006) and the challenge of the unknown physics of the dark sector (Peebles & Ratra 2003). 

This new physics is exotic in comparison with what is known from laboratory studies.

According to Webster's dictionary ``exotic'' means ``striking or unusual in effect or appearance; strange; exciting; glamorous''. All this applies to the new cosmological physics. It is even as if ``introduced from abroad, but not fully naturalized or acclimatized''.  Indeed, our standard cosmological model demands that the dynamics of the whole universe be completely determined by two substances with unknown  physics – by the non-baryonic dark matter particles  (about 30 percent of the total mass density) and by the negative-pressure substance, dark energy (70 percent of the density).

The dream of precision cosmology has shifted to a vision of new cosmological physics (Peebles 2002), meaning that cosmologists now think they know the values of the main cosmological parameters of the standard model, but they do not know the physical sense of the

substances which the parameters refer to (Turner 2002). Turner (2003) even characterized the modern state of cosmology as “Absurd universe”. Furthermore, several conceptual problems of the standard cosmology recently have been re-discussed (Francis et al. 2007). The existence of intriguing paradoxes makes the standard model if not more “absurd”, at least more exotic than usually thought.

Understanding the nature of the main cosmological substances, in addition to theoretical considerations, is only possible via cosmological tests – true tools of practical cosmology. For example, due to the remarkable ``flexibility'' of the Friedmann model, one may test on a phenomenological level even interaction between dark matter and dark energy. 

Precision cosmology, as now understood, is based on the measurements of anisotropies of the cosmic background radiation by balloon and satellite (e.g. WMAP) experiments. These data can, in principle, give precise values of the main cosmological parameters within the hot big bang scenario. Such inferred values depend on the assumptions made in the model and refer to the largest observable distance scales and the past epoch of recombination before the era of galaxies. At much smaller scales in the galaxy universe direct measurements are possible, and provide important constraints for the multi-parametric models which are used to explain the observations of the background radiation.

Crucial subjects of cosmological research.

Within the standard cosmological model it is necessary to assume the presence of non-baryonic cold dark matter and even more exotic dark energy, in order to explain observations in terms of the Friedmann model. This prompts one to take a deeper look at the foundations of world models in general and at the question of testing the underlying cosmological physics. We would like to emphasize here the following subjects requiring deeper understanding.
Geometry of space.   Geometry of space has always been an intriguing question at the foundations of physics and cosmology.  From the times of Gauss, there has been a dream of seeing differences from ``Euclidean predictions'' that  could be without doubt ascribed to intrinsic non-Euclidean  properties of the space. Starting from the opposite points of view

on the geometry of physical space as expressed by Poincaré (1912) and Einstein (1921),

the traditional question, whether physical space is finite or infinite and what its curvature is (Sandage 1992),  has been extended even further. Now it inquires about the topological

structure of space and the number of possible extra dimensions. Intriguingly the modern estimate from WMAP data gives zero curvature of space.

Space expansion. The scale factor S(t) describes mathematically the space expansion of a universe. All distances between uniformly scattered particles are changing with time as  r(t) = S(t) ( ( .  As the observed Universe is, after  all, highly inhomogeneous, one is compelled to ask what expands and what doesn’t. Physically, a way to view the expansion of space is as creation of space together with the physical vacuum. This opens interesting conceptual problems in the physics of space expansion, a subtle subject deserving attention.
The physics of gravitational interaction. The central role of the gravity theory in  modern cosmology is seen from the fact that actually the framework of a cosmological model is a particular solution of the gravitational field equations for the matter filling the Universe.

General relativity is the basis of the standard cosmological model. However, it is not a quantum theory and recent developments in theoretical physics suggest that other possibilities exist to construct a theory that could replace Einstein's general relativity also in world models.

This is why it is natural for practical cosmology to study rival theories of gravitation.

The physics of dark matter.   The standard cosmological model has over two decades lived together with the problem of the nature of the non-baryonic dark matter. The necessity of such a component in the universe followed from the predicted critical density of matter in the

inflationary model and from the predicted density of the ordinary baryonic component in the

primordial nucleosynthesis of the standard model. The implication from these two theoretical predictions is that 95 percent of the cosmic mass should be in an unknown non-baryonic form.

Models of structure formation, together with the smoothness of the background radiation,  leads to another requirement about the non-baryonic dark matter – it should be cold, i.e. its thermal energy and pressure are negligible in comparison with the rest mass energy.

The cosmological problem of dark matter is chiefly the problem of the physics of its carriers. The most promising candidates for cold dark matter are at present thought to be axions and neutralino, though the list of possible particles is long. Axions are predicted by the quantum chromodynamics, while the much heavier neutralinos appear in supersymmetry

theories which unite fermions and bosons and are extensions of the Standard Model of elementary particles. The interaction between the cold dark matter particles is an important theoretical subject, because it essentially determines the predicted density profiles of galaxies and their mass spectrum.

The range of theoretical possibilities is wide and as always in physics the last word should be given to experiment. Facilities exist and new projects are planned with the aim

to detect directly particles of dark matter. Up to now their existence has not been directly confirmed.
The nature of dark energy.    Already in his first work on relativistic cosmology Einstein (1917) showed that gravitational field equations of general relativity allow the addition of an extra  (-term. The quantity  (  is the famous cosmological constant and now is put into

the right-hand side of the equation and is interpreted as an additional source of the gravity field. In this manner Einstein's cosmological constant may represent a special case of vacuum-like substance. The observed value of the energy density of the cosmological vacuum, 120 orders of magnitude less than predicted theoretically, remains a mystery (Weinberg 1989). 

 
Quintessence appears in the role of the material substance, which generalizes Einstein's cosmological constant. This term was used by Cadwell, Dave & Steinhardt (1998) for an ideal vacuum-like fluid with an equation of state p =  w( ( −1< w < 0) and which may depend on the cosmic time. Today a more popular phrase is ``dark energy'', coined by Turner, and reminding us that the (negative) pressure of such a fluid is comparable (in absolute value) to its energy density. This negative pressure leads in Einstein's equations to cosmological antigravitation.

Investigation of the properties of dark energy is a part of fundamental physics, related to the studies of the physical vacuum and fields with a degenerate equation of state. That makes experimental and observational tests of theoretical models arising in this field important and far-reaching.  A new topic is the possible interaction between all cosmic components, in particular between dark energy and dark matter.
Power-law correlation of large scale galaxy distribution.  Studies of the large scale distribution of galaxies, which use the largest existing redshift surveys (2dF, the last releases of SDSS), concern the space within about 600 Mpc/h. These may essentially  constrain world models. But it is not easy to extract reliable information on the spatial distribution of galaxies from the resulting 3D maps, and one requires appropriate methods of data analysis. Problems around these methods have created a debate around fractality versus uniformity. 

The assumption of the homogeneous distribution of matter in the universe, or Einstein’s Cosmological Principle, is a fundamental element in cosmology. Modern observing methods allow a direct check of the spatial distribution of galaxies. It is a critical test of this principle for the luminous matter on large scales.  The assumption of a fractal matter distribution, or Mandelbrot’s Cosmological Principle, is a generalization of Einstein’s homogeneity principle. 

Mechanism of structure formation.  Numerical simulations of gravitating particle systems are the basic way to study the formation of large scale structures within the cold dark matter models. Among the major problems in N-body simulations are the choice of the initial conditions and the representation of the cosmological fluid by a discrete particle set. On small scales, it is a problem how to explain the observed density profiles of different types of galaxies. On large scales, it is still an open question, how the observed (mega)fractality has emerged from the tiny initial fluctuations. 

An important consequence of the existence of the hypothetical dark substance is that one cannot yet build a trustable model of the large scale structure formation. In this connection Peebles (2002) makes the illuminating comment that the main unknown element in the standard model is the physics of the dark sector and therefore tests of fundamental physics have a high priority, as they may clear up the nature of the dark substance in the Universe. Until this is done structure formation is a hazardous basis for testing cosmological models.
Comparison of physics at small- and high-redshifts.  Several cosmological parameters may be determined by means of observations in the Local Universe and an important problem of practical cosmology is to compare the locally derived values with the globally inferred ones. 

At high redshifts one tries to observe a very remote past in the history of the evolving Universe. According to the standard model, around the redshift 1000 the cooling temperature reached 3000K and electrons and protons could unite (``recombine'') and form neutral atoms.

The radiation decoupled from matter. After this, though before the epoch when we already

can see galaxies, denser regions of the primordial gas started condensing into young galaxies forming stars. This long period about 109 years before the ``first light'' appeared has been aptly called the Dark Age. Many physical problems of high redshift phenomena are still unsolved. For example, the origins and dynamical and chemical evolution of the first generation of stars, galaxies, and quasars are still poorly known phenomena at high redshifts.

The standard cosmological model views the cosmic background radiation as a relic from the recombination epoch. However, before this interpretation can be regarded as ultimately proven, it is still necessary to study carefully all contributions to the CMBR from different kind of galactic and extragalactic sources. This crucially important element of the standard cosmology deserves to be tested in the same careful spirit as the reality of expansion in Sandage's program of practical cosmology.
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