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Preface

Allan Sandage used the term “Practical cosmology” to denote the study of the large-
scale universe and the search for the world model which best describes it. In our
book we, as students of practical cosmology, guide the reader through modern cos-
mology, with emphasis on cosmological physics within our gradually deepening
sample of the universe. We have restricted this treatise to the realm of galaxies where
we can measure distances to individual objects, which in itself is a classical and
fundamental problem in astronomy. Therefore, our discussion of the problems of
the early universe and the cosmic background radiation and its angular fluctuations,
so central in modern cosmology in general, is relatively limited.

This book presents cosmology as a physical science based on observations, ex-
periments and theoretical interpretations. We remind the reader that fundamental
physics as understanding of natural phenomena, including the whole universe, is
the modern Philosophiae Naturalis started by Galileo and Newton. We do not pre-
suppose advanced knowledge of astronomy and do not go into detailed descriptions
of observing techniques. Basic mathematical concepts used in modern cosmologi-
cal models are presented in a simple way. We hope that all this will make the book
useful for both astronomers and general physicists, and also for university students
of physical sciences. If needed, suitable background reading on astronomy may be
found in the book by Karttunen et al.: “Fundamental Astronomy” (Springer 2006),
and on history of astronomy and cosmology in Teerikorpi et al.: “The Evolving Uni-
verse and the Origin of Life—The Search for Our Cosmic Roots” (Springer 2009).
The development of the Cosmological Principle has been discussed by Baryshev
and Teerikorpi: “Discovery of Cosmic Fractals” (World Scientific 2002).

The following subjects are close to our own experience in the study of the galaxy
universe and form the main contents of the book: The cosmic distance scale and
the Malmquist bias. Gravitation and world models. Observational tests of cosmo-
logical models. The large-scale structure of the universe. Conceptual problems of
cosmological physics.

We emphasize those aspects which give practical cosmology its special charac-
ter, due to a subtle interplay between observations, data analysis, and fundamental
physics. We hope that our book will help the reader to achieve useful conceptual
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understanding of some central but not so often emphasized problems in modern
cosmology (such as selection effects and methods of analysis of the large-scale
structure).

We underline throughout the book the essential fact that to obtain the correct pic-
ture of cosmological physics one should be aware that cosmology is—in a sense—
“a science of cosmic selection effects”. The interpretations from directly observed
astronomical quantities and from astronomical data in general, may be in a sub-
tle manner distorted by physical and technical limitations of observations and by
inadequate methods of data analysis.

Cosmology has not been finished yet, and many fundamental questions are still
open problems. The late Edward Harrison wrote to us in a letter: “Cosmology is
always in the state of triumph and crisis. It is the natural state of the art.” And this
is because the initial assumptions and physical consequences are often difficult or
impossible to test directly. There is the need for continuous testing of the accepted
cosmological framework, which is, in the terminology of Thomas Kuhn, the work-
ing paradigm which rules and inspires contemporary cosmologists. Assumptions
made by cosmologists determine the theory, its predictions and the inferred prop-
erties of deep space phenomena. At the same time the assumptions themselves are
open for investigation—a constructive duality. Therefore we also wish to point out
the positive role of alternative cosmological ideas which serve as a test-bench on the
way towards a true world model.!

In principle, one would like to see practical cosmology as wider based than any
specific cosmological model. This is because its methods are especially aimed at
testing the initial assumptions and basic predictions of different world models. It
should guide cosmologists between the Scyllas of empirism and the Charybdises of
pure thinking ever tempting us away from the correct route towards progressively
closer approximations to the true world model and to a deeper understanding of
Reality.

We wish to mention with gratitude several people whose collaboration with us or
whose own work have made this book possible. Some of them have also read parts
of the manuscript.

Andrej Berdyugin, Lucette Bottinelli, Alexander Butkevich, Gene Byrd, Arthur
Chernin, Timo Ekholm, Chris Flynn, Andrea Gabrielli, Lucienne Gouguenheim,
Alik Gromov (), Mikko Hanski, Toivo Jaakkola (1), Michael Joyce, Igor Karachent-
sev, Boris Komberg, Francesco Sylos Labini, Ari Lehto, Benoit Mandelbrot (1),
Georges Paturel, Luciano Pietronero, Fred Rost, Allan Sandage (f), Vladimir
Sokolov, Gilles Theureau, Mauri Valtonen.

We dedicate our book to the memories of Allan Sandage (1926-2010), Geoffrey
Burbidge (1925-2010), and Benoit Mandelbrot (1924-2010). In the 20th century,
Sandage represented the classical approach to observational cosmology, Burbidge

'During the preparation of the book we organized the conference Problems of Practical Cosmol-
ogy held in St.Petersburg in June 2008. The meeting offered examples of mainstream and critical
views, both of which are fruitful for the advancement of cosmological physics (Proceedings at
http://ppc08.astro.spbu.ru).


http://ppc08.astro.spbu.ru
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defended alternative cosmological views, and Mandelbrot introduced novel mathe-
matical concepts for describing cosmologically distributed matter. We hope that we
have been able to convey, not only their specific contributions to cosmology, but
also some of their spirit of approach to science.

St.Petersburg, Russia Yurij Baryshev
Paimio, Finland Pekka Teerikorpi
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central questions of Practical Cosmology, a term used by the late Allan Sandage
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describing the universe of galaxies, its geometry, size, age, and material contents.
The authors draw from their personal experience in astrophysics and cosmology
to explain key concepts of cosmology, both observational and theoretical, and to
highlight several items which give cosmology its special character:

— idiosyncratic features of the “cosmic laboratory”

— Malmquist bias in determination of cosmic distances

— theory of gravitation as a cornerstone of cosmological models

— crucial tests checking the reality of space expansion

— methods of analyzing the structures of the universe as mapped by galaxies
— usefulness of fractal as a model to describe the large-scale structure

— new cosmological physics inherent in the Friedmann world model



Contents

1  The Golden Age of Cosmological Physics . . . . ... ... ...... 1
1.1 Our Sample of the Universe . . . . . ... ... .. ........ 1
1.1.1 The New BuildingBlocks . . . . . ... ... ....... 2

1.1.2  Observational Cosmology in Our Sample of the World . . . 4

1.1.3 Empirical Cosmological Laws . . . . . . ... ... .... 5

1.1.4 The Standard Cosmological Model: Modern Paradigm . . . 8

1.2 Idiosyncratic Features of the Cosmological Laboratory . . . . . . . 9
1.2.1 Fundamental Limitations . . . . . ... .......... 9

1.2.2  Physical Laws on the Largest Scales . . . . .. ... ... 11

1.3 Important Questions of Cosmology . . . . .. ... ... ..... 12
1.3.1 Astronomical Tests of Fundamental Physics . . . ... .. 13

1.3.2  Central Subjects of Cosmological Research . . . . . . . .. 14

2  Distance Measurement and Cosmography . . . . ... ... ... .. 19
2.1 Cosmic Distance Indicators . . . . ... ... ... ... ..... 19
2.1.1 Geometry and Photometry in Euclidean Space . . . . . . . 20

2.1.2 Relative and Absolute/Physical Methods . . . . . . .. .. 22

2.2 Lower Rungs in the Distance Ladder . . . . . . ... ... .... 24
2.2.1 The Brightest Giant Stars in Galaxies . . . . . .. ... .. 24

2.2.2  Cepheid Pulsating Stars . . . . . . ... ... ....... 25

2.3 Long-Range Indicators . . . . . . ... ... ... ......... 27
2.3.1 The Tully-Fisher Relation: The Method of Rotating Galaxies 28

2.3.2 The Peak Luminosity for Ia Supernovae . . ... ... .. 30

2.3.3 Morphological Galaxy Classes . . . .. .......... 30

2.4 The Concept of Metric Distance in Curved Space . . . . . . .. .. 31
2.4.1 Universes of Constant Curvature Within E3 . . . . . . . . 31
2.4.2  Metric Tensor and Distance Elementin S? . . . . ... .. 35

2.4.3  Basic Geometrical Propertiesof S> . . . . . ... ... .. 37

2.5 Physical Measurements in Spherical and Lobachevskij Spaces . . . 38
2.5.1 Angular Sizes, Fluxes, and Number Counts in & 2. 38

2.5.2 Measurements in 2D Lobachevskij Space . . . . . . .. .. 40

xi



xii

Contents

2.5.3 The Step to Three-Dimensional Curved Spaces . . . . . . . 41
2.6 Practical Geometry . . . . . . . . . ... 42
2.6.1 Geometry and Physics . . . . ... ... ... 0oL 43
2.6.2 Measuring the Curvature . . . . . ... ... .. ..... 44
2.6.3 The Deeper Value of Practical Geometry . . . .. ... .. 45
Cosmic Distances and Selection Biases . . . . . . ... ... ... .. 47
3.1 ErrorsandBiases . .. ... ... ... ... . ..., 47
3.1.1 TheConceptofBias . . . .. ... ... .......... 48
3.1.2 Observational Samples . . . ... ... .......... 49
3.2 The Classical MalmquistBias . . . . ... ... ... .. ..... 51
3.2.1 A Unified Treatment of the Malmquist Bias . . . . . . .. 52
3.2.2 Two Kinds of Biases in Distance Determination . . . . . . 54
3.2.3 The Behaviour of Biases for a Standard Candle . . . . . . . 56
3.3 The Bias for a Distance Indicator M =ap+b . . . . . ... ... 58
3.3.1 The Direct and Inverse Relations . . . . ... ... .... 58
332 TheClassicalBias . . . .. ... ... ........... 59
333 Type2Biaswhen M =ap+b . .. ... ... ... ... 60
3.4 Some Other Finessesand Biases . . . . . ... ... ... ..... 63
3.4.1 The Gould Effect: Original and Re-measured Samples . . . 63
3.4.2 Effects Caused by Dusty Medium . . . . ... ....... 64
3.4.3 A Selection Bias in the Cepheid Method? . . . . . . . . .. 66
344 ConcludingRemarks . .. ... ... ........... 67
Cosmological Redshift and the Distance Scale . . . . . . . . ... .. 69
4.1 The Distance—RedshiftLaw . . . . .. ... ... ... ...... 69
4.1.1 Empirical Properties of Cosmological Redshift . . . . . . . 70
4.1.2 The Linearity of the RedshiftLaw . . . . . .. .. ... .. 73
4.2 The Value of the Hubble Constant . . . . . . .. ... ... .... 77
42.1 TheStartat625kms™' /Mpc . . . . ... ... ... ... 77
4.2.2 Towards the Unbiased Valueof Hy . . .. ... ... ... 78
4.2.3 Results on Hy in the Local Galaxy Universe z < 0.1 . ... 82
4.3 On Physical Methods in the Galaxy Universe . . . . . ... .. .. 83
4.3.1 The Sunyaev-Zeldovich Effect . . .. ... ... ... .. 84
4.3.2 The Time Delay in Gravitational Lensing . . . . . . . . .. 85
4.3.3 The Distance Scale and the Eddington Luminosity . . . . . 86
4.3.4 Precision Cosmology from the Background Radiation . . . 88
Gravitational Physics for Cosmic Scales . . . . . ... ... ... .. 91
5.1 The Nature of the Gravitational Interaction . . . . . . .. ... .. 91
5.1.1 Newton’s Gravity Theory . . . . ... ... ... ..... 92
5.1.2  Modern Physics of Fundamental Interactions . . . . . . . . 93
5.1.3 Geometrical and Field Approaches to Gravitation . . . . . 94
5.2 Einstein’s General Relativity . . . . . ... .. ... ... ... .. 95
5.2.1 Initial Principles and Basic Equations . . . . . . . .. ... 95
5.2.2 The Weak Field Approximation . . . . . . ... ... ... 97

5.2.3 The Problem of Energy-Momentum of a Gravity Field . . . 98



Contents

5.3 Poincaré-Feynman’s Field Approach to Gravity Theory . . . . ..
5.3.1 Initial Principles . . . . . .. ... ... ... ...
5.3.2 Basic Equations of the Field Gravity . . . ... ... ...
5.3.3 Post-Newtonian Approximations . . . . . . ... ... ..

Predictions of Gravity Theories . . . . . . ... ... ... ......

6.1 Gravitation at Different Scales and in Diverse Conditions . . . . .

6.2 Einstein’s General Relativity: Predictions . . . . . . . .. ... ..
6.2.1 Major Predictions for Observations . . . . . ... ... ..
6.2.2 Strong Gravity, Black Holes, Quantum Gravity . . . . . . .

6.3 Poincaré-Feynman Field Approach to Gravitation: Predictions . . .
6.3.1 NewtonianForce . . . . . ... ... ... .........
6.3.2 Post-Newtonian Predictions for Observations . . . . . . . .

6.4 Astrophysical Tests of Gravity Theories . . . . . ... ... .. ..
6.4.1 Rotating Bodies and Binary Systems . . . . . .. ... ..
6.4.2 Strong Gravity and Compact Objects . . . . . . . ... ..
6.4.3 Relativistic Compact Objects . . . . . ... .. ... ...
6.4.4 The Hubble Law of Redshifts as a Key Observation

The Friedmann Model . . . . . . ... ... ... ...........

7.1 Newtonian Cosmology . . . . . . . . . .. ... ... ..
7.1.1 Newtonian Cosmological Model . . .. ... ... ....
7.1.2  Paradoxes of the Newtonian Cosmology . . . .. ... ..
7.1.3  Suggestions to Resolve the Paradoxes . . . . . .. ... ..

7.2 The Friedmann Cosmological Model . . . . . ... ... ... ..
7.2.1 BasicEquations . ... ... .. ... ... ...,
7.2.2 Einstein’s Cosmological Principle . . . . . . .. ... ...
7.2.3 Space Expansion Paradigm . . .. ... ... .. .....
7.24 Friedmann’s Equations . . ... ... ... ........

7.3 Redshift, Distance, and Recession Velocity . . . . . ... ... ..
7.3.1 Scale-Factor and Redshift . . . . ... ... ... .....
7.3.2 Measuring Distance and Time in Friedmann Cosmology . .
733 AgesandHorizons . . . . . ... .. ... .. ... ...

7.4 Basic Observable Quantities: Angle, Flux, Surface Brightness . . .
7.4.1 Mattig’s Relations . . . ... ... .............
7.4.2 The Angular Size-Redshift Relation. . . . . ... ... ..
7.4.3 The Magnitude-Redshift Relation . . . . ... .. ... ..
744 Surface Brightness . . . . . . ... ... ... ...
7.4.5 Spatial Volumes and Cosmological Malmquist Bias

7.5 The Hot Big Bang Scenario . . . . ... ... ... ........

Classical Cosmological Tests . . . . . . ... ... ...........
8.1 Cosmological Tests . . . . ... ... ... ... ... ......
8.1.1 From Low to High Redshifts . .. ... ... .......
8.1.2  Classical and Crucial Cosmological Tests . . . . . . .. ..
8.2 A Résumé of Selection and Distortion Effects . . . . ... .. ..
8.2.1 K-Correction, Absorption and Evolution Effects . . . . . .



Xiv

10

Contents

8.2.2 Other Distortion Effects . . . . . ... ... ........
8.3 The Angular Size-Redshift Relation . . . . . . ... ... .. ...
8.3.1 Angular Size in the Friedmann Model . . . . . . ... ...
8.3.2 NotesonOtherModels . ... ... ............
8.3.3 Optical and Radio Angular Size Test . . . ... ... ...
8.4 The Magnitude-Redshift Test . . . . .. ... ... ... .....
8.4.1 The Magnitude in the Friedmann Model . . . ... .. ..
8.4.2 NotesonOtherModels . ... ... ... .........
8.4.3 Modern Renaissance of the m—z Test . . . . . . ... ...
8.4.4 Other Attempts to Interpret the SNIaData . . . . . .. ..
8.5 Galaxy Counts and the Background Radiation . . . ... ... ..
8.5.1 The Number-Redshift Relation . . . ... ... ... ...
8.5.2 The Number-Magnitude Test . . . . ... ... ......
8.5.3 The Total Background Radiation Due to Galaxies . . . . .
8.6 Classical Crucial Tests for the Friedmann Model . . . . . . .. ..
8.6.1 The Tolman-Hubble Surface Brightness-Redshift Test . . .
8.6.2 Maximum Age-Redshift Test . . . . . .. ... ... ...
8.6.3 Sandage’s Redshift-Time Dependence Test . . . . . . . ..
8.6.4 Wilson’s Supernova Time Dilation Test . . . . . ... ...
8.6.5 Background Radiation Temperature vs. Redshift . . . . . .

Constructing Universes: A Galleryof Ideas . . . . .. ... ... ..

9.1 Territories of Cosmological Ideas: Classifying World Models

9.2 Cosmological Principles . . . . .. ... ... ... ........
9.2.1 The Perfect Cosmological Principle: Steady State . . . . .
9.2.2 Einstein’s Cosmological Principle . . . . . ... ... ...
9.2.3 Mandelbrot’s Cosmological Principle . . . . . . ... ...

9.3 Fractality in Cosmological Physics . . . . .. ... ... ... ..
9.3.1 The Einstein—Selety Correspondence . . . . ... ... ..
9.3.2 Fractal Sources for Gravity Field . . .. ... ... .. ..
9.3.3 Field Gravity and Fractality . . . . ... ... ... ....

9.4 Physical Laws, Fundamental Constants and Large Numbers . . . .
9.4.1 Fundamental Constants in Cosmology . . ... ... ...
9.4.2 The Puzzle of Large Numbers in Cosmological Physics
9.4.3 Possible Explanations of the Coincidencies . . . . . . . ..
9.4.4 Other Cosmological Coincidencies . . . . . ... ... ..

9.5 The Nature of Cosmological Redshift . . . . . .. ... ... ...
9.5.1 Cosmological Gravitational Redshift . . . .. ... .. ..
9.5.2 Anomalous Redshifts . . ... ... ... .........

Large-Scale Structure: Methods of Analysis . . . . . . ... ... ..
10.1 From Simple Hierarchies to Stochastic Fractals . . . . . . . . . ..
10.1.1 Protofractal Worlds of Fournier d’Albe and Charlier . . . .
10.1.2 Genuine Fractal Structures . . . . . . ... ... ... ..
10.2 The Concept of a Fractal Density Field . . . . ... ... ... ..
10.2.1 Ordinary Fluid-Like Density Fields . . . . ... ... ...



Contents

11

12

10.2.2 Fractal Density Fields . . . . ... ... .. ... .....
10.2.3 Exclusive Properties of Fractal Density Fields . . . . . . .
10.3 Methods to Detect Structures in Galaxy Distribution . . . . . . . .
10.3.1 Conditions for the Validity of Statistical Analysis . . . . .
10.3.2 The Scale-Length Analysis . . . . ... ... .......
10.3.3 Definitions for Correlation Functions . . . . . . . ... ..
10.3.4 The Method of the Reduced Correlation Function & C
10.3.5 The Method of the Conditional Density I" . . . . . . . ..
10.3.6 Comparison of the £ and I Correlation Functions . . . . .
104 Other Methods . . . . . . . . ... ... .. ... ...,
10.4.1 The Distribution of the Nearest Neighbour . . . . . . . ..
10.4.2 The Bi-conditional Column Density . . . . . . . ... ...
10.4.3 The Radial Distribution N (z) and Its Fluctuations . . . . .
10.4.4 Fourier Analysis of the Galaxy Distribution. . . . . . . . .
10.4.5 Redshift-Space and the Peculiar-Velocity Field . . . . . . .
10.5 A Summary: Requirements for Reliable Correlation Analysis

The Inhomogeneous Galaxy Universe: Observational Results . . . .
11.1 Fromthe 2D Skytothe3DMap . . . . . ... ... ... ... ..
11.2 Analysis of the Angular-Position Galaxy Catalogues . . . . . . . .
11.2.1 Early Arguments for Galaxy Clustering . . . . . . ... ..
11.2.2 Early Arguments for Homogeneity . . . ... .. ... ..
11.2.3 Results from Galaxy Angular Catalogues . . . . . . .. ..
11.3 Redshift and Photometric Distance Surveys . . . . . . .. ... ..
11.3.1 Large Redshift Surveys . . ... ... ... ... .....
11.3.2 Galaxy Catalogues with Photometric Distances . . . . . . .
11.4 Analysis of the 3D Distribution of Galaxies . . . . . . . ... ...
11.4.1 The Fractal Breakthrough in the 1980s . . . . . . ... ..
11.4.2 Further Stepsinthe Debate . . . . ... ... ... .. ..
11.4.3 Sky Projection of Fractals: The Angular I'-Function . . . .
11.5 Results from the 2dF and Sloan Digital Sky Surveys . . . . . . ..
11.5.1 The 2dF Galaxy Survey . . . . ... ... ... ......
11.5.2 Results from the SDSS Survey . . . . ... ... ... ..
11.5.3 Power Spectrum and Intersection of Fractals . . . . . . . .
11.6 Concluding Remarks . . . . . . ... ... ... .. ... .....

Some Outstanding Problems of Cosmological Physics . . . . . . . . .
12.1 Homogeneity Scale and Superlarge Structures . . . . . . ... ..
12.1.1 How to Establish the Homogeneity Scale? . ... ... ..

12.2 Detecting Baryonic Acoustic Oscillations . . . . . . ... .. ...
12.2.1 Baryonic Oscillations as a Crucial Test . . . . . . ... ..
12.3 Dark Energy in the Neighbourhood of the Local Group . . . . . .
12.3.1 Towards a Local Measurement of Dark Energy . . . . . . .
12.3.2 The Hubble Law and Dark Energy . . . ... ... .. ..
12.4 Conceptual Problems of the Expanding Space Physics . . . . . . .

XV



XVvi Contents

12.4.1 The Physical Meaning of Space Expansion . . . . . . . . . 285
12.4.2 Violation of the Limiting Velocity . . . . . . ... ... .. 286
12.4.3 Newtonian Form of the Relativistic Friedmann Equation . . 288
12.4.4 Problems of Energy Conservation . . . . . . ... ... .. 289
Appendix A Useful Astronomical and Physical Constants . . . . . . . . 293
Appendix B Why General Relativity Is Principally Different from
Field Gravity . . . . . . ... .. ... ... ... 295
Appendix C The Gravitational Potential of a Fractal Matter Ball with
Finite Radius . . . . . ... ... .. ... .. ... . ... ... 297
References . . . . . .. . . . ... 299



	Fundamental Questions of Practical Cosmology
	Preface
	About the Authors and the Book
	Contents




