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PROBLEM: 
The current phase of development of cosmology is known as the rise of precision cosmology. This is due to the series of observational discoveries i.e. the anisotropy of the cosmic microwave background (CMB) radiation, followed by the detection of acoustic oscillations in the power spectrum of CMB, observational indications for the dark energy, filamentary structure of the large scale distribution of galaxies, up to the recent possible detection of baryonic acoustic oscillations.
The amount and the quality of the information from currently ongoing observations from space and ground based facilities is ever increasing. Among the recent and/or ongoing remarkable experiments are the Wilkinson Microwave Anisotropy Probe (WMAP, NASA), Sloan Digital Sky Survey (SDSS), the SWIFT, Fermi satellites which have produced profound observational databases; me mentioned those already used in our research. WMAP is expected to produce the 9-year data on the cosmic microwave background, even more accurate data are expected from the Planck mission (European Space Agency). 


The increase of the amount and of the quality of the observational information poses novel problems for analysis, visualization and interpretation, confrontation with the theoretical models. 

Application of more advanced methods and numerical algorithms is thus becoming particularly important. 


The studies in the Cosmology group (formed in 1989) of the Theoretical department in Yerevan Physics Institute were traditionally concentrated on the nonlinear problems, with essential use of the methods developed in the theory of dynamical systems which  enable one to deal with chaotic and instability phenomena from  rigorous positions. The number of performed studies span from the dynamics of gravitating systems and the stability of such systems as of elementary catastrophes, up to the instability in the Wheeler-DeWitt superspace. 


The current goals include the study of cosmic microwave background maps, large scale galactic surveys, and other observational datasets which enable the study of the early Universe, the back-reaction of inhomogeneities on the propagation of photons and related observable effects in the perturbed Friedmann-Robertson-Walker universe, the observational indications on the massive black holes in the galactic centers linked to the problem of the role of N-body chaos at the existence of a massive center.  Rigorous methods of the theory of dynamical systems appear rather efficient in these areas.    


The present project aims the development of the ongoing studies with particular orientation on the expected higher precision data at forthcoming observations and experiments, e.g. higher resolution and sensitivity CMB maps, other datasets or luminosity distance to higher redshift sources to trace the distant inhomogeneous universe via the Hubble diagram. 

The studies will include: 
(a) development of theoretical models; 
(b) numerical experiments and modeling; 
(c) data analysis. 
Part of the studies is proposed to perform via international collaboration. 

OBJECTIVES: 

The methods of theory of dynamical systems and nonlinear dynamics provide various tools and descriptors for the analysis of astrophysical and cosmological problems. 

The chaos in N-body gravitating systems at the existence of substructures, dense core, a massive center, can be efficiently studied by geometric methods, the Ricci curvature criterion: this requires extensive numerical experiments. The particular importance of this scope of problems is due to the possibility of high resolution observations in the Galactic center and of other galactic nuclei, to describe the relaxation driving effects, the tidal disruption of stars, accretion and hence the flares of energy release.        


The degree of randomness in the cosmic microwave background datasets has been shown to be measurable and indicative for the hyperbolic effect of voids on the propagation of the photon beams. This opens new possibilities for the tracing of the large scale inhomogeneities in the universe, the existence of voids. The porosity parameter and the criterion of hyperbolicity for determination of relative domination of voids in the line-of-sight direction will be applied. 

The obtaining of a sky map via the stochasticity parameter based on an approach developed originally by Kolmogorov enable the distinguishing of the contribution of the Galactic disk, the identification of point sources, of other non-cosmological effects. By its informative power Kolmogorov's map can be complementary to the CMB temperature and polarization sky maps.

The stochasticity parameter technique will be used to deal with a more general problem of the separation of sub-signals from a given dataset, of contributions of cosmological or non-cosmological origin based on the statistical properties. In that case the scope of the problems will increase to include X-ray galaxy clusters observed by XMM-Newton space observatory and other datasets.  
TASK 1: 
	Task description and main milestones
	Participating Institutions

	Task 1.1 Modeling of non-linear systems of different stochastic-to-regular ratio components, the revealing of the behavior of the stochastic parameter. The use of the results for the application of the technique to real datasets.

Task 1.2 Development of the criteria for the separation of signals based on the stochasticity degree and application to the data of the cosmic microwave background radiation, foregrounds, instrumental noise, etc. Study of the non-Guassianities.    

Task 1.3 Analysis of X-ray clusters observed by the XMM-Newton, the dynamical effects in the galactic centers. Confrontation of the results to the observations of the flares from the galactic nuclei and the cosmological growth of masses of the central black holes. 

	


IMPACT: 
Brief survey of the worldwide researches made on the project topic, the competitiveness of the project, and achievements of the group (not more than 2 pages): 
References: 
Personnel Commitments (chart, total number of project participants, responsibilities of each). 

The study of non-Gaussianities in cosmic background radiation is one of ongoing directions of the studies word-wide, since it can open ways to the revealing of the mechanisms of the primordial fluctuations, on the one hand, and of the effects occurring after the last scattering surface, such as the cosmic strings, Sachs-Wolf effect, Sunyaev-Zeldovich effect, on the other hand. The early release of the Planck collaboration papers were devoted in part to the detection of clusters and Sunyaev-Zeldovich effect.


The competitiveness of our project is mainly due to our experience in the application of the advanced methods of theory of dynamical systems to various problems, including the theoretical analysis, numerical experiments and modeling and data analysis. Among the experience of our group, we mention three topics. 

First, in collaboration with the Boomerang team we had studied non-Gaussianities in the CMB maps, namely, the properties of excursion sets first in the Boomerang, then of Wilkinson Microwave Anisotropy satellite’s temperature maps. It was found that for the sum map of independent radiometers there is a region of temperature thresholds where the average ellipticity of the excursion sets is independent on the threshold. Currently, this is among the open effects expected to be studied on higher accuracy datasets.  

We had studied the stochasticity properties in the WMAP’s maps, which enabled the study of the large scale matter inhomogeneities using the hyperbolicity properties of the voids; the Cold Spot has been revealed by that approach, as well as another similar anomaly possessing the properties of the voids in the matter distribution. These studies open a new way for the detection of voids and the study of inhomogeneities via the CMB maps.   

Within the GRAAL collaboration of the European Synchrotron Research Facility (ESRF) we studied the light speed isotropy limits with respect to the dipole of the cosmic microwave background radiation, and the lowest existing limit, 10-14, has been obtained.  

Among the other topics of our recent research were e.g. the dark energy models and the Hubble diagram, the chaos in gravitating systems with core.

Let us also mention examples of application of our methods in comparison with methods used by other groups. The non-Gaussian anomaly known as the Cold Spot has been detected already in 2004 by several groups. Appling the stochasticity criterion we not only confirmed that anomaly but also revealed another similar anomaly, the North Cold Spot; in addition, our descriptor supported the void nature of the Cold Spot, as was hypothesized by other groups using other methods. 

Applying the Kolmogorov statistic to CMB maps, we revealed point sources which were not detected by WMAP’s team by their conventional methods but which appeared to be radio and/or gamma sources (quasars, blazars). Some of the latter sources initially had no counterparts in the Fermi satellite’s initial catalog, and after our prediction (February 2010), in the next catalog those sources also appeared with counterparts, thus confirming the predictive power of our approach.   
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Technical Approach and Methodology 
Methodology 

During the last decades the methods of theory of dynamical systems have been applied for the investigation of chaotic properties of various physical systems. Typical physical systems we are dealing with are non-linear ones and therefore many applications and evidences of the chaotic dynamics had profound consequences for the understanding of their genuine properties. The appearance and rapid development of computers had a crucial impact on this area, not only due to the possibilities for complex numerical computations but also for novel visualization means. Astrophysical systems form substantial part of those studies, moreover, they were among the first ones for which chaotic properties were exhibited explicitly was proposed for the study of stellar motion in the Galaxy via the Poincare sections. Astrophysical N-body systems, i.e. the gravitating ones, as well as cosmological problems had also revealed complex dynamics and chaotic properties. The common structures in the universe, the star clusters, galaxies and galaxy clusters, along with the planetary systems, form various representations of the N-body problem. Various aspects of the chaotic properties in the dynamics of the Solar system, as well as of stellar systems have been revealed (see refs below). 

At the same time, the amount of information obtained by space and ground facilities is becoming so large that novel methods of their analysis are being continuously required. For example, the study of the Cosmic Microwave Background (CMB) radiation includes various descriptors, besides the correlation functions and harmonic analysis, such as the Minkowski functionals, genus analysis, wavelets, etc, which need extensive modeling and numerical experiments.

Why it is so important?  The CMB measurements of the last decade, ground based, balloon-borne or via satellites, enabled to obtain tiny properties of CMB which led to important information on the early Universe. The power spectrum of CMB and the pixelized temperature maps became a source of numerous studies to reveal various effects. Among the primary targets of the recent CMB experiments was to measure precisely the angular scale of the first acoustic peak. The WMAP satellite provided the full sky measurements of CMB, revealing clearly the positions and the amplitudes of the acoustic peaks. The CMB data thus enabled to obtain the parameters of the cosmological model with high precision, as well as to study various non-Gaussianities. The study of the X-ray properties of the galaxy clusters is another area developed essentially during the last decade due to the space observations. The higher resolution observations enable to reveal the dynamics at the Galactic center and central regions of nearby galaxies. These are the main directions on which we will work and where the advanced methods, numerical algorithms can be efficiently applied, as have shown the already performed studies.   
Methods, descriptors 

The conventional methods and descriptors applied for the study of the chaotic properties of nonlinear systems include the Lyapunov exponents, Kolmogorov-Sinai  entropy, the Chirikov resonance overlapping criterion, geometric methods of theory of dynamical systems, etc. In the study of the properties of N-body gravitating systems, to describe star clusters and galaxies, parallel to direct simulations of N-body systems another direction of numerical investigations was developed i.e. the understanding of their basic statistical, instability and chaotic properties as of Hamiltonian dynamical systems. This problem, as in the case of other physical nonlinear problems, is based on the methods of theory of dynamical systems and uses various criteria of stochasticity and regularity, such as the geometric methods, as well as ways of representation of the final information.
 Geometrical methods enable the study of the instability locally in time, as distinct of the Lyapunov exponents which are characteristics at infinite time. In this context, the geometric methods of theory of dynamical systems are using the idea that dynamical equations of a Hamiltonian system can be reduced to equation of geodesics of certain Riemannian manifold. Then, the sign and the value of the Riemann and Ricci curvatures on that manifold contain certain information on typical instability properties of the Hamiltonian system. The studies had demonstrated the efficiency of the approach, their link to observations and feasibility at alternative and/or relatively simple numerical computations. We will use mainly the geometric methods, however, testing the results also with other descriptors.
The application of dynamical systems methods e.g. to CMB data analysis enable to reveal non-Gaussianities, the properties of Sachs-Wolfe effect. The first step here is the detailed modeling, i.e. the study of generated systems with given properties and their revealing via the particular descriptor. This phase typically requires development of the algorithms, software and then extensive numerical experiments, with later involvement of real data with all their available characteristics and input parameters, perturbations, etc.
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Figure 1. The behavior of the Kolmogorov stochasticity parameter for sequences with different random and regular properties (Ghahramanyan et al 2009). 
Kolmogorov stochasticity parameter is a descriptor for the degree of randomness and enables to consider a signal as composition of a set of signals. We had already used this technique to study certain aspects of the CMB sky using the Wilkinson Microwave Anisotropy Probe's 3, 5 and 7-year temperatures maps. Namely, by specially created algorithms and software those database have been analyzed. That work was based on modeling of relatively simple systems; Fig.1. However, with the further increase of the amount of the data flux and also of their accuracies substantially new type of modeling will be required in order to apply such descriptors. 
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Figure 2. The Kolmogorov map for the dataset of cosmic microwave background radiation obtained by the Wilkinson Microwave Anisotropy Probe  (Gurzadyan et al 2009). 
The technique of the stochasticity parameter and Kolmogorov’s distribution enables such a representation of the cosmic microwave background maps (Fig.2) which are useful for the study of the Cold Spot and other anomalies, point sources. We plan to develop further and apply this approach also to other problems such as to the pixelized X-ray data on clusters of galaxies, microlensing. The latter data are obtained by XMM-Newton space telescope and the CoRoT space probe. Other associated data analysis can also be performed.

The initial tasks will thus include: 

a) the study of signals which contain both regular and chaotic components; 

b) the chaotic properties of N-body gravitating systems.     
We expect to reveal the behavior of the used descriptors for the given dataset or signal depending on the range of variation of the input parameters, the perturbations (noise), subsets of signals. If done properly, this can become an important step for the signal separation problem, which is the key one in revealing of the physical processes responsible for various signals. 
Problems 

1. Large Scale Universe and the Cosmic Microwave Background Maps: 

1.1     Non-Gaussianities in cosmic microwave background maps
The increasing angular resolution and the low noise-to-signal ratio of the CMB observations enable one to undertake the study of tiny non-Gaussian signals. Among such signals, we will continue the investigation the distribution of excursion sets in cosmic microwave background temperature anisotropy maps using Wilkinson Microwave Anisotropy Probe’s forthcoming maps. The aim will be to probe anomalies such as the alignment of principal vectors of low multipoles, the north-south power asymmetry, plane-mirror symmetry due to the Sachs-Wolfe effect as associated with the topological properties of the universe, i.e. the multipole dependence of the temperature anisotropy, the Cold Spot. The analysis will use Kolmogorov’s parameter and other descriptors. The study of these non-Gaussianities can reveal important features of primordial processes as well as those occurring after the last scattering epoch. 
1.2     The CMB vs large scale structure cross-correlations  

The Kolmogorov stochasticity parameter, the K-statistic will be used to reveal the voids via the randomness anomalies of the CMB maps. This will include the already detected 30 Mpc scale voids at the galaxy surveys, as well as the proposed of 100 Mpc scale and even of larger, up to the Hubble scale. The latter is related with the currently discussed possibility of our location near a center of a large void. The predicted stratification of the degree of the randomness close to the walls of the void can act as a clear criterion for the voids. Therefore the Kolmogorov map technique will not only enable to study the large scale filaments from a new viewpoint but also can be a tool to separate various signals, both of cosmological and non-cosmological origin. The importance of inhomogeneities is linked with their role in the rescaling of the luminosity distance and hence the cosmological parameters obtained from the position of the acoustic peak. The predictions obtained at such analysis will be applied to the CMB data expected from the Planck mission and other experiments.

2. X-ray galaxy clusters

Much has been learnt during the past 10 years on the properties of X-ray clusters based on the data acquired by the XMM-Newton, Chandra and Suzaku satellites. In particular, with its large collecting area, XMM-Newton has allowed not only to draw accurate emissivity maps, but also to compute hardness ratio, temperature and metallicity maps of the X-ray gas. These maps give a much deeper insight on the cluster properties, in particular on the cluster merging history. In particular, they have shown unambiguously that even clusters with X-ray emissivity maps showing a relatively relaxed appearance could in fact be undergoing one or several mergers. Several cluster surveys based on XMM-Newton data are available, but the XMM-Newton archive is now extremely large, and a simple method applied to detect clusters throughout this archive would be a very powerful to obtain a large and homogeneous sample of clusters. Presently new very large and homogeneously detected cluster catalogs are being obtained based on the Sunyaev-Zel'dovich effect, both with ground based facilities such as the South Pole Telescope or the Planck. We will apply the stochasticity parameter technique to reveal the signatures of the correlations in those X-ray pixelized images of the clusters.  

3. High redshift Hubble diagram  
According to the recently developed statistical approach the use of several empirical relations obtained from gamma burst source observables after a consistent calibration for a specific model can probe cosmological models. Based on this, we plan to use the data of the SWIFT satellite together with other samples with firmly determined redshifts up to over seven. Together with the data of the high redshift supernovae this will enable the construction of the Hubble diagram which will be sensitive to the various dark energy models.  The latter is particularly important for the determination of the critical redshift value when the dark energy had started to dominate over the matter density.  
4. Dynamical chaos
The geometrical Maupertuis parametrization, stochastic differential equation (Van Kampen) approaches will be used to continue the study of chaotic properties of gravitating systems. The technique will be probed with the results of parallel numerical simulations of N-body systems. The results will be applied to the observational data on star clusters, the Galactic center in the conditions of a cluster with a massive center, and elliptical galaxies.
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