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Institute of Theoretical Astronomy at the University of Cambridge (1966–72). He then returned to India to take up a professorship at the Tata Institute of Fundamental Research, where he led the Theoretical Astrophysics Group until 1989. In 1988 he was invited to set up the Inter-University Centre for Astronomy and Astrophysics, of which he was the Founding Director until his retirement in 2003. In addition to his research and travel, he has played a role as a popularizer of science, and Brahmand, his serial on astronomy in Hindi, enjoyed popular acclaim on Indian television. He has written many books, including Introduction to Cosmology (1993, 2002), The Lighter Side of Gravity (1996), and Seven Wonders of the Cosmos (1999). Professor Narlikar has received several awards including the S.S. Bhatnagar Award for the Physical Sciences, The Janssen Medal of the Soci´et´e Astronomique de France, and UNESCO’s Kalinga Award for science popularization. He is an Associate of the Royal Astronomical Society, London, Fellow of the Third World Academy of Sciences, and a fellow of the three national academies of science in India.
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Preface



The idea of a Colloquium on “Cosmology: Facts and Problems” was mooted when one of us (JVN) was to visit Coll`ege de France as Professor (Chaire Internationale) during 2003–04. Both of us felt that the subject of cosmology has seen considerable advancement on both observational and theoretical fronts but that there are many issues of observational nature that will remain to be understood. With this point of view the Colloquium was arranged during June 8–11, 2004, at Coll`ege de France. The Colloquium attracted leading workers in the field. They could be divided into three categories: 1. Observers 2. Theoreticians who liked to explain all the observed data in terms of the standard big-bang paradigm 3. Theoreticians who felt that there were some observations that did not allow a standard interpretation. Sometimes the observers also fell under categories 2 and 3. We were happy that the Colloquium attracted good participation from several countries and there was amiable and frank discussion on various issues. We had allowed plenty of time for discussion after each presentation including a panel discussion at the end. The proceedings presented here reflect this openness of the debate. Several participants who had not given a formal presentation also took part in the discussion. We would like to express our grateful thanks to all those who helped us in various ways towards making this Colloquium such a success. In particular, we would like to thank Professor Jacques Glowinski, Administrateur du Coll`ege de France, for his kindness in hosting the Colloquium at the Coll`ege de France. We would also like to express our appreciation to Dr Ralph Krikorian, Maˆıtre de Conferences au Coll`ege de France, Mme Simone Lantz, M. Jean-Claude Couillard, and Yvan Le Bozec from the Chaire de Physique Corpusculaire et Cosmologie du Coll`ege de France for their help during the conference, and the Foundation Hugot and its Director, Mme Florence Terrasse-Riou, for financial support for the meeting. The
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administrative and technical staff of Coll`ege de France also helped us in many different ways. In Pune, we thank Mr Vyankatesh Samak for his invaluable help in putting the manuscript together. Finally, we thank Dr Simon Mitton and Cambridge University Press their help in publishing these proceedings. Jean-Claude Pecker Jayant V. Narlikar



Part I Observational facts relating to discrete sources



1 The state of cosmology Geoffrey Burbidge University of California, San Diego, La Jolla, CA, USA



In introducing the general topic of this meeting I am going to give a personal view. Only late in my professional career (∼1990) did I begin to work seriously in cosmology, though I had always followed with interest the various claims that progress was being made, and I even wrote a review of the state of affairs for Nature in 1971 entitled, “Was There Really a Big Bang?” (Burbidge 1971). 1 Introduction For some years this period, starting in the 1990s, has been said to be the golden age of cosmology. Compared with the situation earlier, this is a fair judgement, since in the last decade or more there has been a tremendous increase in the number of people working in the field, and large sums of money have been invested in new methods of observation of the background radiation and of large numbers of galaxies and other discrete objects, often those with high redshifts. Another important ingredient is the renewed interest in cosmology taken by many theoretical physicists and experimental particle physicists. With this expansion has come a great deal of new information, and a model for the Universe that almost everyone believes in. This in turn means that while there are many conferences on cosmology, the theme is almost always the same. This meeting will be different because some of its organizers have for a variety of reasons not followed the main stream. At the same time I hope that there will be a fair discussion of the conventional cosmological model. In this introduction I want to make it clear why it is that some of us do not accept as the only starting point the usual model of an evolving universe starting with an initial creation process. The arguments against this approach are of two kinds. First there is the history, which shows that on several occasions in the early work assumptions were made that would lead to the observed answers, when alternatives were possible i.e., there have been very few real predictions, and second, the modern 3
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situation in which not all of the data are taken into account. This being the case it is extravagant and entirely premature to make the kind of claims that are now being made (cf. Spergel et al. 2003) for a standard model. 2 The expansion of the Universe The major discovery was the redshift–apparent magnitude relation for nearby galaxies by Hubble in 1929 (Hubble 1929). This was immediately interpreted as direct observational evidence for an expanding universe of the Lemaitre–Friedmann type, meaning that this interpretation agrees with the expanding solution of Einstein’s equations. By 1930 everyone accepted that the Universe is expanding. Reversal of the time axis of the expansion then leads to the conclusion that there was a finite origin for the Universe, which Lemaitre in 1936 originally described as the “Primeval Atom.” 3 Nucleosynthesis and the cosmic microwave background There were no convincing physical investigations of the early state of this Primeval Atom until the late 1940s, when a group of leading physicists including Rudolf Peierls, Enrico Fermi, Edward Teller, Maria Meyer, George Gamow, and his colleagues Ralph Alpher and Robert Herman and others made the assumption that it was at that very early epoch that the chemical elements were synthesized. Gamow in 1946 had originally speculated that the electron degeneracy in the early Universe would more than compensate for the mass difference between the neutron and a proton plus electron. Thus he concluded that the matter at the beginning would be a single neutron lump, so that the synthesis of the chemical elements out of this lump could be a verification of the Friedmann model. However, the problems of nucleosynthesis immediately encountered were, first, that there is no stable mass at A = 5 or 8 so that the build-up cannot go beyond D, 3 He, 4 He, and 7 Li. Second, a radiation field together with neutrons, protons, and electrons leads to more complications, which were discussed by Gamow, Alpher, and Herman. The other leading physicists gave up the problem when they realized that the bulk of the chemical elements could not be made in this way. It was also realized in this period that the bulk of the known 4 He, approximately 25–30% by mass, could not have been made in the stars seen in the galaxies. The problem was that using the known luminosities of galaxies and the time scale for the Universe, which was then thought to be 2 × 109 years, very little helium would have been made. Thus it was concluded that the helium must have originated in primordial nucleosynthesis. This required that the energy density of radiation in the early Universe had to be very large. Until then, the reverse had always been
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assumed in Friedmann models. In such models S(t) (the scale factor) ∝t1/2 and T9 = const. t−1/2 . The next step was completely ad hoc. The mass density of stable non-relativistic particles, ρ b , explicitly neutrons and protons in the theory of 1950, decreases with the expansion as S−3 or t−3/2 . Alpher and Herman put the density ρb = 1.70 × 10−2 t −3/2 gm−3 . But there is nothing in the theory that fixes the value of this numerical coefficient. It is adopted to make things come out right, i.e., to make the calculated value of Y agree with the observed value. This is why the big-bang theory cannot be claimed to explain the microwave background or to explain a cosmic helium value close to 0.25. It is only an axiom of modern big-bang cosmology, and the supposed explanation of the microwave background is a restatement of that axiom. Thus in no sense did the big-bang theory predict the microwave background.1 This would only be true if the factor 1.7 × 10−2 is called a prediction. If we eliminate t between the relations given above we find that ρb = 1.51 × 10−32 T 3



(1)



which can be rounded off to ρb ≈ 10−32 T 3 gm cm−3 . Alpher and Herman put the mass density of the Universe as ρb = 10−30 gm cm−3 and thus concluded that T must be about 5 K. Ten years later, when the Hubble constant had been further reduced, it appeared that ρb  10−29 gm cm−3 , and then both Gamow and Dicke suggested that T  15 K. Of course these were gross overestimates. What none of the physicists throughout this period was aware of was that in 1941 McKellar (1941) had determined the temperature of the interstellar radiation from the spectra of the interstellar lines due to the molecules CH and CH+ , which Adams and later McKellar had detected in the spectra of stars. McKellar showed that if the radiation has black-body form, 1.8 K < T < 3.4 K, which is in remarkable agreement with what was found later. McKellar stated the following “Adams has kindly communicated to the writer his estimate of the relative intensity, in the spectrum of ξ Ophiuchi, of the λR(0) interstellar line of the λ3883 CN band and the λ3874.00, R(1) line, as 5 to 1. B0 J (J + 1) + . . . . has the value 0 and 3.78 cm−1 for the 0 and 1 rotational states and for the two lines R(0) and R(1) the values of the intensity factor i are, respectively, 2 and 4. Thus from (3) we find, for the region of space where the CN absorption takes place, the “rotational” temperature, T = 2.3 K. If the estimate of the intensity of R(0)/R(1) were off by 100 per cent, this value of the “rotational” temperature would not be changed greatly, R(0)/R(1) = 2.5, giving T = 3.4 K and R(0)/R(1) = 10 giving T = 1.8 K.” 1



For Y = 0.24, which is closer to the preferred current value, the constant η is now close to 4.5 × 10−2 .
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When, in 1965, Penzias and Wilson reported that they had directly detected the radiation (Penzias and Wilson 1965) and later Mather et al. (1990, 1994) showed that the radiation is of almost perfect black-body form with T = 2.726 K, they were richly rewarded. What I want to stress here is that while the black-body nature of the radiation was predicted by the big-bang theory, the numerical value of the temperature was not, and cannot be (see Turner 1993), and since McKellar had already measured it, admittedly indirectly, it is a moot point as to whether the 1965 event truly was a major discovery. (If someone has already discovered a new phenomenon and published it, but the people most interested are unaware of the earlier discovery, how should credit be apportioned?) In truth no prediction was involved. But the psychological effect based on mistaken ideas concerning the prediction and discovery is one of the major reasons why the big bang theory is believed. What is now being done is to put the observed temperature in Equation (1) and derive a value for ρ b . This is then compared with the value obtained from the nucleosynthesis calculations and observations involving D, 3 He, and 4 He. Very good agreements can be reached between theory and observation for ρ ∼ 3 × 10−31 gm cm−3 ; so this is now called the observed baryonic mass fraction in the Universe. This is a clear plus for the big-bang cosmology. However, since the closure density in the big-bang model 3Ho2 /8πG is about 6.8 × 10−30 gm cm−3 (for Ho = 60 km s−1 Mpc−1 ) this is only about 5% of the closure density. While this discrepancy has been known for ∼30 years, it is only in the last few years that this “missing” mass energy has been claimed first to be cold dark matter (CDM) and more recently cold dark matter and dark energy ( CDM). An elaborate “theory” (more appropriately a “scenario”) of galaxy formation then rests on this belief that this missing mass is real, because only if CDM exists in large measure is it possible to simulate galaxy formation at all. This is a classical example of “The Emperor has no clothes” syndrome. While a great deal of energy and money is being devoted by particle physicists to searches for the WIMPS, which could conceivably be the basis for the dark matter, nothing has been found so far (cf. Seife, 2004). But, of course, none of this is necessary if we go back to the original observation of the 4 He/H ratio and take the position that the observed ratio is the result of hydrogen burning in stars. Then, of course, the whole of the mass must be baryonic. This leads us to one final point. If hydrogen burning was responsible for this ratio, an estimate can be made directly from observation of the energy released in this process. The mass density in the Universe can be determined from the masses of galaxies derived from their rotation curves and/or the velocity dispersion of the stars in galaxies, or of the galaxies in clusters. The virial for both individual galaxies and clusters is assumed to hold, so that in making this estimate we are assuming that some of the mass is dark. Putting in observed values for the space density
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of galaxies and a range of values of M/L, and a Hubble constant of 60 km s−1 Mpc−1 and supposing that the 4 He/H ratio is 0.24, we obtain an energy density of the radiation 4.5 × 10−13 erg cm−3 . This energy will initially be released in hard photons (UV radiation) but ultimately, according to thermodynamic arguments, it will be degraded to black-body radiation with T  2.75 K. This is remarkably close to the measured value of 2.726 K. This is either a pure coincidence, as it must be for those who believe in the big bang, or else it tells us that hydrogen burning was originally responsible for the Cosmic Microwave Background (CMB). In the QuasiSteady-State Cosmology (QSSC) it is argued that it is due to hydrogen burning in the newly created galaxies and that intergalactic dust is responsible for the degradation to thermal energy. While this agreement was mentioned in one or two earlier papers (cf. Fowler, Wagoner, and Hoyle 1967) it was not described in detail until 1998 when Hoyle and I managed to get it published in the Astrophysi. J. (Burbidge and Hoyle 1998). The paper was earlier rejected by Phys. Rev. Lett., whose referees were strong proponents of the big bang. In our paper we showed that it was possible to explain the origin of all of the isotopes including D and 3 He in stars. D is probably built up in stellar flares on the surfaces of stars and partly destroyed by mixing in stellar interiors. An observational fact following from this hypothesis is that it predicts the D/H will be variable from one place in the galaxy to another, from galaxy to galaxy, and from QSO to QSO. But there really is no need to invoke a big bang. Since none of the observations just described require this, what are the alternatives? Since the universe is expanding we can consider as possibilities a steady-state universe, which remains unchanged, or a cyclic universe with a cycle period of ∼20 Gyr. Here we omit discussion of Milne’s kinematic cosmology, though it should not be forgotten that Milne raised the problem of the particle horizon, in the classical big-bang picture, and this is only claimed to be resolved now by recourse to an inflationary period. It is natural that what came next was the classical steady-state universe of Bondi and Gold (1948) and Hoyle (1948). 4 The steady-state universe The basic idea is that the Universe is not evolving. Thus matter (hydrogen) must be spontaneously created at a rate determined by the expansion. Bondi and Gold (1948) used as the basis for the theory what they called the perfect cosmological principle. Hoyle (1948) obtained the same model by generalization of Einstein’s theory allowing for a repulsive term in the strong field regime (the C field) corresponding to creation (cf. Hoyle and Narlikar 1964, 1966). The steady-state theory
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was given quite a hostile reception as can be seen from an appraisal of the ways in which the various observational tests of the theory were handled (cf. Dingle 1953; Hoyle 1969; Hoyle et al. 2000, Chapter 7). I believe that much of the prejudice in modern cosmology began at this time. In general the observers did not like the steady-state theory, although several of the pieces of observational evidence against it were shown later to be false. My good friend Allan Sandage has always insisted that some of his colleagues at Mount Wilson and Palomar were from its inception convinced that the steady state must be wrong, because they already had good evidence for evolution. Overall, one has the impression that most people liked the idea that there was a beginning, and that evidence for evolution would ultimately be detected. The general view was that all of the galaxies are old with ages comparable to H−1 o . Thus, for example, evidence (cf. Burbidge, Burbidge, and Hoyle 1963) for young galaxies with ages  H−1 o was immediately disputed (Sandage 1963), so fast indeed, that the rebuttal paper of Sandage was published ahead of the paper by Burbidge et al. (was the editor, a good friend of all of us, showing his prejudice?). 5 The acceleration There was one clear-cut prediction from the steady-state theory. This was that the expansion of the Universe would tend to accelerate (due to the creation process) rather than decelerate, as it must do in all Friedmann models without a cosmological constant (cf. Hoyle and Sandage 1956). Thus many claims were made from 1950 onwards that the observations showed that the Universe is decelerating, until by the 1980s it was finally admitted that the uncertainties in the observational methods being used were so great that it was impossible to decide. Much more recently, starting in 1998, work using supernovae of Type Ia as standard candles, which can be detected at high redshifts, was announced by Perlmutter, Riess, and their colleagues (Perlmutter et al. 1999; Riess et al. 1998). They showed fairly conclusively, initially, with measurements out to z  0.6 that the Universe is accelerating. This being the case, there are two different cosmological scenarios that can explain it. The first is to insert a positive cosmological constant into the usual Friedmann models. The second is to remember that the classical steady-state theory predicted (cf. Hoyle and Sandage 1956) this result and the modified steady state (the QSSC) also predicted that the Universe would be accelerating (Hoyle et al. 1993, 2000). However, in reporting this result the observers once again showed their prejudice. Instead of at least stating that their result was qualitatively what had been predicted by the classical steady-state model and the quasi-steady-state cosmology, as is normally done in announcing a new observational result, and then going on to interpret their data in terms of a Friedmann model with a positive
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cosmological constant, they simply made the claim that they had demonstrated the reality of that model, as though that was the only way to go. And, of course, in doing this they were followed by the community who were equally ignorant or biased, or both, though attempts to clarify the situation (cf. Narlikar et al. 2002) have been published. 6 Driven by the cosmic microwave background (CMB) and the NASA value of Ho Since the direct discovery of photons from the CMB by Penzias and Wilson in 1965, and the mistaken belief by many that this was the fulfillment of a prediction by Gamow and his colleagues (though they were undoubtedly short-changed when it came to recognition), the standard model largely buttressed by this CMB “discovery” took over. It was generally assumed2 before it was established that the radiation would have black-body form (cf. the continuous discussion of “relict” radiation by the school of Zel’dovich), as indeed had been predicted by Gamow et al., provided it was generated in the big bang, and when it was finally showed by Mather et al. (1990, 1994) that the radiation has a beautiful black-body form over a wide range of wavelengths the triumph was complete. The result was cheered at the meeting when it was first announced (I was the chairman of the session of the AAS meeting at which the announcement was made). For nearly all cosmologists this was thought to be the death knell of the steadystate model and any of its improvements (which we were working on at the time). The idea that such a background spectrum could be obtained from many discrete sources appeared to be much too farfetched, though we have now shown that it is entirely possible (Hoyle et al. 2000). And in many ways what was more important, the CMB had shown how homogeneous and isotropic this component of the Universe is. But a serious question that was still unanswered was to understand how the matter component can also show the same effect on the large scale, i.e., homogeneity and isotropy, if galaxies first condensed from quantum fluctuations in a very early universe, when conditions prevailed such that objects were not able to communicate with each other soon after the beginning. The way out of this problem was to invoke inflation, proposed by Guth (1981) and Linde (1982, 1983). The main point that I want to make here is not that inflation is not a good idea. It is, but it is not a paradigm (cf. Peebles 1993). It is yet another idea invented to explain what we see, like the numerical value of the initial baryonto-photon ratio and the existence of non-baryonic matter. Inflation has no basis in fundamental theory. Given all three of these assumptions we can make a plausible 2



Preliminary observations from rockets suggesting that the background radiation was not of black-body form were widely discredited by theorists who had already made up their minds.
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model that will fit the observations. Without them we cannot. But this is how bigbang cosmology or, if you like, evolutionary cosmology has progressed. The most recent observational programs are devoted to fitting together more and more of the details based on a series of assumptions chosen to make the original model work. Undoubtedly the most impressive work of late on models of the Universe has been the most recent analysis of the CMB based on the WMAP observations. Spergel et al. (2003) have shown that assuming a model in which the Universe is flat with a large cosmological constant , in which galaxy formation was started by nearly scale invariant adiabatic Gaussian fluctuations, they can fit the WMAP data very well with other parameters such as the Hubble constant and the D/H ratio in high redshift QSOs. The agreement between the model calculations of the acoustic fluctuations in the CMB due to matter fluctuations out to the third peak expected is particularly impressive, so that there now is considerable interest and belief in this latest “cosmological concordance” model. However, if we restrict ourselves to observational quantities that are not based on any assumptions other than that the Universe is expanding, the greatest discrepancy between model parameters chosen and observations probably comes from the Hubble constant, which Spergel et al. have used. They have claimed that this bestfit model is obtained when Ho = 71 km s−1 Mpc−1 , almost exactly the same as the value claimed to be correct by the group working with the Hubble Space Telescope (HST) and called the HST Key Project (Freedman et al. 2001). The difficulty with this is that this value of Ho may be much too high. Sandage and Tammann, the most experienced workers in the field, have since 1974 argued that a value close to 50 km s−1 , Mpc−1 is a much better choice (for a detailed discussion see Hoyle et al. 2000, Chapter 4). Over the last few years Sandage and Tammann have competed directly with the other group, also using the HST (Tammann et al. 2002), but for reasons much more to do with NASA’s approach to public relations than to science, all of the publicity and attention has been given to the results and the personalities of Freedman et al. When we made a careful study of all of the data available up to 1999 (Hoyle et al. 2000) we concluded that the best value is Ho = 56–58 km s−1 Mpc−1 . Sandage and Tammann and their colleagues in their most recent work (Parodi et al. 2000; Tammann; et al., 2002) have obtained a value for Ho = 58.5 km s−1 Mpc−1 . There is no doubt that the popularity of the higher value of Ho has much more to do with the sociology of astronomy than to science. In this case the origin of this belief can be dated rather precisely, to May 25, 1999, when NASA held a press conference in Washington to announce, as they modestly put it, that the search for the Holy Grail of cosmology was over.3 The research team working on what was called the Hubble Space Telescope Key Project claimed they had finally solved one of the 3



(Ref. New York Times Magazine July 25, 1999). The article is entitled “The Loneliness of the Long-Distance Cosmologist,” and it is not a very nice article about Allan Sandage.
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original mysteries – the age of the Universe. Sandage and his team were barred from attending or speaking at this press conference. The press conference was followed up by a similar announcement to a very large group at an AAS meeting in Chicago, this time by Robert Kennicutt, a Key team leader. He was more circumspect and mentioned Sandage’s and Tammann’s work. Kennicutt’s announcement was also widely publicized, as was the work on the microwave background mentioned earlier. How sensitive is the model to the value of Ho that is put into the calculations? Recently Blanchard et al. (2003) have tested whether or not a cosmological constant is really required by these observations of the CMB and large scale structure. They find that it is not, provided that the value of the Hubble constant is 46 km s−1 Mpc−1 , a value that is certainly compatible with the work of Sandage and Tammann. Other quite small changes in other parameters are required. Then we are back to an Einstein–de Sitter model. But then we have to deal with the evidence for acceleration described earlier, because it was this evidence that led the community to do an about turn soon after about 1998 and start using a positive cosmological constant. Five years after the first evidence for acceleration and hence the presence of a positive cosmological constant “dark energy” was claimed, the picture has become more complicated. Many more SN Ia redshifts have been obtained out to redshifts z ∼ 1.5 (cf. Barris et al. 2004; Riess et al. 2004). While it is still claimed that the work shows that there is dark energy and dark matter, it is suggested that at a redshift of about 0.5 there was a transition between acceleration and deceleration (a cosmic jerk). It also appears that a model with no cosmological constant, in which the effect is due to dust that is replenished at the same rate as it is diluted by the expansion, could also explain the observations (Riess et al. 2004). By showing the way that a standard model has evolved (always starting with a big bang), I hope that by now that I have provided enough evidence for a reasonable person to conclude that there is no particularly compelling reason why one should so strongly favor a standard model Universe starting with a beginning rather than an alternative approach, apart from the fact that it is always easier to agree with the majority rather than to disagree. This sociological effect turns out to be actually extremely powerful in practice, because as time has gone on young cosmologists have found that if they maintain the status quo they stand a much better chance of getting financial support, observational facilities, and academic positions, and can get their (unobjectionable) papers published. 7 Explosive phenomena and the alternative cosmological approach Starting in the 1950s the first radio galaxies were identified, and it became clear that they are extremely powerful energy sources often emitting energies of at least 1060 ergs ( 106 M ) in the form of relativistic particles and magnetic flux filling



12



Current Issues in Cosmology



large volumes outside the galaxies, though they must have arisen from very small nuclei. The origin of this energy is either gravitational or is due to creation in galactic nuclei. It soon became clear that many galaxies have active energetic nuclei, emitting large fluxes of energy not only in radio frequencies but in optical, X-ray, and γ -ray wavelengths. Thus, by the 1980s it was generally accepted that explosive events in galaxies are of primary importance. But, from the point of view of cosmogony, this comparatively new phenomenon has not been integrated into the classical evolutionary cosmological picture. However, in the 1950s and 1960s V. A. Ambartsumian (1958, 1961, 1965) had already made the radical proposal that the centers of galaxies are places where the material of new galaxies is created and ejected. While Ambartsumian’s ideas, based completely on observations, have been largely ignored by the cosmological establishment, these are the cosmogonical ideas out of which, in the 1990s, Hoyle, Narlikar, and I formulated the quasi-steady-state cosmology (QSSC) in which it is argued that the centers of active galaxies are the creation sources, and it is in them, in the vicinity of near black holes, that the C (Creation)-field operates. Thus matter is being created out of a set of singular points associated with the nuclei of galaxies. Thus, using biblical terminology, galaxies do beget galaxies. This leads to expansion and contraction with a period of about 40 × 109 years superimposed on an overall expansion with a characteristic time ∼1012 years. This is a cyclic universe, which does not contract to extremely small dimensions (Narlikar and Burbidge 2004). This theory, based on the C-field theory of Hoyle and Narlikar (1964, 1966), was developed in a number of detailed papers published since 1990 and in a book (Hoyle et al. 2000). Although many details remain to be worked out, it seems possible that all of the observed properties of the Universe can be understood within the framework of this theory, though there are some phenomena that are still extremely difficult to understand. At this meeting these data will be discussed in detail by several speakers and Dr. Narlikar will discuss the QSSC. 8 Conclusion In this introductory talk I have tried to describe some of the historical evidence that suggests to some of us that in trying to understand the properties of the Universe we should not be forced into the straight jacket of the standard cosmology. It is certainly possible that everything did begin in a single explosion, or, if the Universe is cyclic (Steinhardt and Turok 2002, for example), it collapses to very small dimensions before it bounces, but this may not have ever happened. If it did, theoretical physicists may relate it ultimately to string theory or something related to it, but this will still for ever be out of reach of any genuine observational test.
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If, on the other hand, ejection is occurring in the centers of galaxies all around us and throughout the Universe, we stand a much better chance of making observations that we may ultimately be able to interpret in theoretical terms. Partly for historical reasons, and partly because cosmological research is driven more by the beliefs of strong individuals than by observational evidence, there is a complete imbalance between very different, but viable approaches. Only one cosmologist I have ever known (the late Dennis Sciama) ever changed his mind. I hope that this situation will not continue indefinitely. For cosmology, as in other nefarious pursuits, Sherlock Holmes4 got it right: “It is a capital mistake to theorize before you have all the evidence” (A Study in Scarlet, Chapter 3), or “before one has data, one begins to twist facts to suit theories instead of theories to suit facts” (A Scandal in Bohemia).



References Ambartsumian, V. A., 1958, Solvay Conference on Structure and Evolution of the Universe (R. Stoops, Brussels) p. 241 Ambartsumian, V. A., 1961, AJ, 66, 536 Ambartsumian, V. A., 1965, Structure and Evolution of Galaxies Proc. 13th Solvay Conference, Univ. of Brussels (New York: Wiley Interscience) Barris, B. J. et al., 2004, ApJ, 602, 571B Blanchard, A., Douspis, M., Rowan-Robinson, M., and Sarkar, A., 2003, A&A, 412, 35 Bondi, H. and Gold, T., 1948, MNRAS, 108, 252 Burbidge, G., 1971, Nature, 233, 36 Burbidge, G. and Hoyle, F., 1998, ApJ, 509L, 1 Burbidge, G., Burbidge, M., and Hoyle, F., 1963, ApJ, 138, 873 Dingle, H., 1953, Observatory, 73, 42 Fowler, W. A., Wagoner, R., and Hoyle, F., 1967, ApJ, 148, 3 Freedman, W. et al., 2001, ApJ, 553, 47 Guth, A., 1981, Phys. Rev. D., 23, 347 Hoyle, F., 1948, MNRAS, 108, 372 Hoyle, F., 1969, Proc. Roy. Soc., A308, 1 Hoyle, F. and Narlikar, J. V., 1964, Proc. Roy. Soc., A282, 191 Hoyle, F. and Narlikar, J. V., 1966, Proc. Roy. Soc., A294, 138 Hoyle, F. and Sandage, A., 1956, PASP, 68, 301 Hoyle, F., Burbidge, G., and Narlikar, J. V., 1993, ApJ, 410, 437 Hoyle, F., Burbidge, G., and Narlikar, J. V., 2000, A Different Approach to Cosmology (Cambridge University Press) Hubble, E., 1929, Proc. Nat. Science, 15, 168 Linde, A., 1982, Phys. Lett., 108B, 389 Linde, A., 1983, Phys. Lett., 129B, 177 Mather, J. C. et al., 1990, ApJ, 354, L37 Mather, J. C. et al., 1994, ApJ, 420, 439 McKellar, A., 1941, Pub. Dom. Astrophys. O., 7, 251 4



I am indebted to Allan Sandage for these quotes.



14



Current Issues in Cosmology



Narlikar, J. V., Vishwakarma, R. G., and Burbidge, G., 2002, PASP, 114, 1092 Narlikar, J. V. and Burbidge, G., 2004, submitted to A&A Parodi, B. R., Saha, A., Sandage, A. R., and Tammann, G. A., 2000, ApJ, 540, 634 Peebles, P. J. E., 1993, Principles of Physical Cosmology (Princeton University Press) Penzias, A. and Wilson, R. W., 1965, ApJ, 142, 419 Perlmutter, S. et al., 1999, ApJ, 517, 565 Riess, A. et al., 1998, AJ, 116, 1009 Riess, A. et al., 2004, ApJ, 607, 665 Sandage, A., 1963, ApJ, 138, 863 Seife, C., 2004, Science, 304, 950 Spergel, D. N. et al., 2003, ApJ Supp., 148, 175 Steinhardt, P. J. and Turok, N., 2002, Science, 296, 1436 Tammann, G. A., Reindl, B., Thim, F., Saha, A., and Sandage, A. R., 2002, “new era in Cosmology, ASP Conf. Series, Vol. 283 (Eds. N. Metcalfe and T. Shanks) Turner, M., 1993, Science, 262, 861



Discussion Q : J.-C. PECKER: I challenge the fact that “expansion” is an observed parameter. The “observed” quantity is the “redshift” z. “Expansion” already implies a theory: Doppler effect is the only redshifting physical process. This is far from obvious, and the door should stay open for tired light mechanisms, and other hypotheses. A : G. B. : You are correct. However I maintain that every tired light scheme is incompatible with known atomic physics (basic quantum mechanics). Comment : M. MOLES : In your first viewgraph, you listed the expansion as one of the observed properties to be accounted for by any cosmological approach. I would not say it is an observed property. The “fact” is the Hubble law – the expansion is a theoretical explanation. In the context of the need for choosing the facts found to be more relevant and the minimum set of hypotheses, even if you agree, it has to be taken into account that right predictions can be obtained from false theories. The case of the FindlayFreundlich prediction of a BB radiation at 1.6 < T < 6 from his redshift theory is a good illustration. The key point is to differentiate clearly between well-established “facts” and theoretical explanations and constructions. Q : H. ARP : I should propose that the observations show to me that there is a physical continuity between quasars and galaxies with high intrinsic redshifts. It seems to me that there is an evolution between quasars and galaxies, and that galaxy redshifts, and hence
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expansion of the Universe, is not indicated. For galaxies are created at the same time in a static Universe. One gets the observed Hubble relation quite perfectly. A : G. B. : In some instances apparently normal galaxies of stars may have anomalous redshifts. But the case is not as strong as it is for QSOs and AGN. Most galaxies follow the normal Hubble law. I believe that the difference between them (galaxies and QSOs) is related to the physics of the nuclei. Perhaps QSOs do evolve into normal galaxies after they are ejected from parent galaxies, but we have no theory that will explain this and the observational case is purely circumstantial. The fact is that the vast majority of galaxies follow the Hubble law and this is the most simply understood in terms of expansion. Comment : J. MORET-BAILLY : Considering parametric light-matter interactions solves a lot of problems; in particular it explains the periodicities of the redshifts. The “CREIL” (which may be observed with laser, named IRSR) transfers energy between light beams, those that have the largest Planck’s temperature being cooled, i.e., redshifted, the others (which are generally thermal beams) being blue-shifted, i.e., amplified. The CREIL requires a low pressure gas, which is not excited permanently. This gas must have a quadrupolar resonance whose frequency is lower than 500 MHz. Atomic hydrogen with a principal quantum number n = 2 or 3 works well. It explains all features of the spectra of quasars (gap in the redshifts between the sharp emission lines and the other lines, broad lines if the quasar is radio-quiet, Lyman-α forest, etc.) and shows that the accreting neutron stars have the spectra of the quasars. It explains the blueshift of the radio signals of the Pioneer 10 and 11 probes, and a lot of other observations. The “CREIL” must be considered as a possible solution for many problems. Q : A. BLANCHARD : I did not understand your point on the fact that the amount of radiation was chosen by Gamow et al. As I understand they picked up the number that explains 25% of helium and predict a temperature of a few K. Therefore the discovery of actual black-body radiation is a direct confirmation of the prediction of the model. A : G. B. : The point is a very simple one. Gamow found that he had to choose a value for the initial photon/baryon ratio to explain the observed helium. If a different ratio were chosen the scheme would not work. Everybody since Gamow has chosen a value close to the one chosen by him. Gamow could not predict the temperature – no
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one can. See Turner’s article in Science and our (Hoyle, Burbidge, Narlikar) book. What Gamow did predict was that the radiation would have black-body form and this is support for the big bang. But the whole thing is based on the choice of a ratio, and that is not a theory. The observed energy density of the CMB 2.7 K is very close to the energy density that is obtained if the helium in the Universe was formed from hydrogen burning in stars. In BB cosmology this is just a coincidence. In our model, this means that hydrogen burning in stars is responsible for the black-body radiation (black-body form is obtained by interaction with dust). Again, read our book.



2 The redshifts of galaxies and QSOs E. M. Burbidge and G. Burbidge University of California San Diego, La Jolla, CA, USA



1 Introduction Redshifts are the lifeblood of cosmology. Until the demonstration that spiral nebulae are external galaxies, and the 1929 discovery by Hubble (Hubble 1929) that there is a correlation of the redshifts with apparent brightness, it was thought that the Universe was static. This is indeed why Einstein put a cosmological constant in his equations. After it appeared that Hubble’s result was observational confirmation of the Friedmann–Lemaitre solution to Einstein’s equations, it was generally accepted that the Universe is expanding. Thus from 1930 onwards, there was a strong belief that redshifts could only be due either to Doppler motions away from the observer, as they had been found long ago in galactic stars, or if they were large and systematic they must be shifts due to the expansion of the Universe, and therefore they could be used for cosmological investigations. Over the years considerable glamour has become attached to the study of large redshifts. This is because they are the only direct tools that give us some measure of what happened in the past, and if we can determine the rate of the expansion Ho we can get some idea of the time scale since the beginning ∼H−1 o , i.e., a time scale for the Universe. In this talk we want to give a brief survey of the way that the measurements of redshifts have gone over the last 75 years. We shall talk first about the major steps taken to measure redshifts of galaxies since Hubble’s discovery. In the second part of the paper we shall be concerned with the discovery in 1960 of the quasi-stellar objects or quasars, and show how they have vastly complicated the interpretation of the redshifts. Put succinctly, in our view they have caused a major crisis, because the observations clearly show that the earlier conclusions that redshifts can only be due to Doppler effects or cosmological expansion are not correct.
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2 The redshifts and apparent magnitudes of bright galaxies Following Hubble’s work of 1929, in which he used Slipher’s redshift measurements, Hubble and Humason, later joined by Mayall, started a program of redshift measurements at Mount Wilson and Lick. The program went on steadily at the Mount Wilson Observatory up to 1950, and started in 1953 at Palomar. By 1936, Humason had obtained redshifts for 146 galaxies, and by 1956, 620 redshifts had been obtained. A total of 806 galaxies were measured. The vast majority of these are so-called field galaxies with m ≤ 16. The remainder are galaxies in 18 clusters extending out to z ≈ 0.2 (Humason, Mayall, and Sandage 1956). The magnitudes of the field galaxies were measured by Pettit and by Stebbins and Whitford. In this extensive study corrections of the raw data were made both for the redshifts and for the apparent magnitudes. We know from theory that m bol = 5 log cz + constant. Humason et al. showed that the redshift-apparent magnitude plot for the field galaxies gave a value of the observed slope of 5.028 ± 0.116. The relation was then taken to larger redshifts using the clusters. In this case the curvature must be taken into account through the term qo . The final conclusions from this study were as follows. 1. That the slope of the (log cz, m) correlation (for small z) is as close to 5 as the probable errors allow. 2. Unless the effect of evolution of the galaxies can overcome the term involving qo , the expansion is decelerating. Their attempt to evaluate the galactic evolution gave a value still suggesting that the Universe is decelerating. 3. The expansion appears to be isotropic – this conclusion is simply based on the fact that the 12 clusters in the north and 6 in the south give points on the log cz − m plot that are indistinguishable. 4. The absolute magnitudes for the brightest galaxies in the clusters are nearly the same as for galaxies in the field. 5. If there is intergalactic absorption, its departure from uniformity must be small, giving only magnitude residuals between zero and 0.3.



Thus some 30 years after the first pioneering discoveries, there appeared to be strong evidence that the Universe is expanding. However the first attempts to measure the curvature of space by Hubble and Humason had failed.



3 The Hubble constant Hubble and Humason’s calibrations of the distance scale were based on the brightest stars in a sample of nearby galaxies. They were thought to be supergiants, and their
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absolute luminosities were in turn calibrated by using similar stars in M31 and M33, whose distances in turn were determined by the cepheid variables. The zero point of the period-luminosity law for the cepheids went back to the statistical parallax calibration by Shapley and Wilson. By the 1940s, it had become clear that there were two types of pulsating stars: the classical cepheid variables of Population I and the RR Lyrae stars of Population II, which have two distinct period-luminosity relations. The concept of two stellar populations had been introduced by Baade in 1944. Mineur and Baade and later Blaauw and Morgan showed that this led to a correction of the zero point amounting to −1.4m ± 0.3 for M31 and M33. This increased the distances of M31 and M33, and hence the absolute luminosities of their brightest stars. A second correction was concerned with the objects that Hubble had originally believed were the brightest stars in nearby galaxies. Sandage began a program with the 200-inch Hale telescope to test this hypothesis. By 1958 Sandage had shown conclusively that Hubble had mistakenly identified H II regions with brightest stars, thus requiring a further correction, again in the sense that the nearby galaxies, in which the brightest star method is used, have distance moduli greater than those estimated by Hubble. Thus the value Ho = 558 km s−1 Mpc−1 originally obtained by Hubble and Humason was reduced successively to 180 km s−1 Mpc−1 and then by Sandage to 75 km s−1 Mpc−1 . By the 1960s there was general acceptance that the value of Ho was much smaller then the original value obtained by Hubble and Humason. In 1962 Sandage, attempting to summarize all of the estimates that had been made by him and others, gave Ho = 98 ± 15 km s−1 Mpc−1 . In the 1970s an extensive program to measure Ho more accurately was started by Sandage and Tammann. They calibrated the linear sizes of H II regions as a function of spiral galaxy luminosities, and went on to determine the distances to 39 spiral galaxies of types Sc, Sd, Sm, and Ir using these values. The adopted absolute magnitudes combined with the apparent magnitudes of the Virgo spirals gave a distance to the Virgo cluster of 19.5 ± 0.8 Mpc. The Hubble diagram for first-ranked ellipticals in the Coma cluster scaled back from magnitudes in Coma to magnitudes in Virgo using 5 log cz gave a redshift for the Virgo cluster of 1111 ! 75 km s−1 . These values combined to give what Sandage and Tammann called a first hint at the value of Ho = 57 ± 6 km s−1 Mpc−1 . Since that time, these authors have used a variety of methods to determine Ho and have concluded that the value has converged and must lie in the range 50 < Ho < 60 km s−1 Mpc−1 . One major key to the issue is the distance to the center of mass of the Virgo cluster, which they believe that they have shown by a variety of methods to lie close to 20 Mpc. In Table 2.1 we show how different methods used by them have led to this result. If the true redshift of the Virgo cluster is ∼1100 km s−1 , a
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Table 2.1. Values of Ho from Sandage (1995) Method



Ho [km s−1 Mpc−1 ]



Virgo Distance ScI Hubble diag M101 Diameters M31 Diameters Tully–Fisher Supernovae (B) Supernovae (V)



55 ± 49 ± 15 43 ± 11 45 ± 12 48 ± 5 52 ± 8 55 ± 8



Unweighted mean Weighted mean



50 ± 2 53 ± 2



value of Ho ∼ 55 km s−1 Mpc−1 is obtained. Many other methods give a similar result. We show in Table 2.2 a summary of these results of the determinations of Ho from Sandage. The two experts, contemporary over the past 20 years with Sandage and Tammann, who were most outspoken in their disagreement with the value of Ho obtained by Sandage and Tammann, were the late G. de Vaucouleurs and S. van den Bergh. Working actively in the 1970s and 1980s on this problem, de Vaucouleurs (1993) concluded that 90 ≤ Ho ≤ 100 km s−1 Mpc−1 . In a comparatively recent review, van den Bergh (1992) concluded that Ho = 76 ± 9 km s−1 Mpc−1 . The solution to this problem was chosen to be one of the “key” scientific problems to be solved by use of the Hubble Space Telescope. Both a younger group, involving W. Freedman, R. Kennicutt, J. Mould, and many others, and Sandage, Tammann, Saha, and others have made many observations. But they are still divided. The new group, in the tradition of de Vaucouleurs–van den Bergh, still claim a fairly high value of 71 km s−1 Mpc−1 for Ho while Sandage and Tammann still maintain that the value is much smaller. Unfortunately all of the publicity and national attention has been given to the Freedman group alone. This culminated in a press conference in 1999, convened in Washington by NASA, to present the results. Sandage and his colleagues were barred from this meeting. Despite the publicity and the sociological pressure, I believe with Sandage and Tammann that the best standard “candles” appear to be supernovae of Type Ia at maximum light. Thus a key program has been to find cepheids in galaxies in which those supernovae have been reported and derive their absolute magnitudes M at maximum light. The data have shown that plotting apparent magnitudes of SN Ia against log cz gives a tight relation with a slope of 5, the intrinsic dispersion being = 0m .3. Thus the determination of M (max) should give a good value for Ho , since supernovae
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Table 2.2. QSOs close to bright galaxies (m v ≤ 15.5) Galaxy



mv



QSO



mv



zq



sep()



UGC 0439 NGC 470 NGC 470 NGC 622 NGC 622 IC 1746 NGC 1073 NGC 1073 NGC 1073 NGC 1087 ZW 0745.1 + 5543 IC 2402 NGC 2534 NGC 2693 UGC 05340 NGC 3067 NGC 3073 ZW 1022.0 – 0036 NGC 3384 NGC 3407 NGC 3561 NGC 3569 NGC 3842 NGC 3842 NGC 3842 NGC 4138 NGC 4319 ZW 1210.9 + 7520 NGC 4380 NGC 4550 NGC 4651 NGC 5107 ESO 1327 – 2041 ZW 1338 + 0350 NGC 5296 NGC 5406 NGC 5682 ZW 1640.1 + 3940 NGC 5832 NGC 5981 IC 1417 Anon NGC 7465 NGC 7413 NGC 7714 – 15



14.4 12.5 12.5 14.0 14.0 14.5 11.3 11.3 11.3 11.5 15.3 13.5 14.0 13.1 14.8 12.8 14.1 15.5 10.8 15.0 14.7 14.5 13.3 13.3 13.3 12.1 13.0 15.4 12.8 12.6 11.8 13.8 13.2 14.9 15.0 13.1 15.1 15.2 13.3 13.9 13.6 15 13.3 15.2 13.1



PKS 0038–019 (0117 + 0317g) (0117 + 0317g) 68D 0133 + 004 (UB 1) 0133 + 004 (UB 1) 0151 + 048 (PHL 1226) BS0 1 BS0 2 RSO 0243 − 007 (UB 1) 0745 + 557 844 + 319 (4C 31.32) 0809 + 358 0853 + 515 (UB 1) 0950 + 080 0955 + 326 (3C 232) 0958 + 558 (UB 1) PKS 1021 – 006 1046 + 129 1049 + 616 (4C 61.20) 1108 + 289 1109 + 357 QSO 1 QSO 2 QSO 3 3CR 268.4 Mk 205 1219 + 753 1222 + 102 (Wdm 6) 1233 + 125 (Wdm 8) 3CR 275.1 1319 + 38 1327 – 206 1333 + 0.35 1342 + 440 (BSO 1) 1358 + 932 1432 + 489 1640 + 396 3CR 309.1 1537 + 595 2158 – 134 2237 + 0305 2259 + 157 3CR 455 233 + 019 (UB 1)



16.86 19.9 18.2 18.5 20.2 17.5 19.8 18.9 20.0 19.1 17.84 18.87 18.7 19.5 17.69 15.8 18.8 18.2 20.6 16.3 20.0 18.1 18.5 18.5 21.0 18.1 14.5 18.16 17.6 17.2 19.0 19.5 17.0 17.98 19.3 17.0 19.2 18.16 16.8 19.0 17.8 17.3 19.2 19.0 18.0



1.674 1.875 1.533 0.91 1.46 0.404 1.945 0.599 1.411 2.147 0.174 1.834 2.40 2.31 1.45 0.533 1.53 2.547 0.497 0.422 2.192 0.91 0.335 0.946 2.205 1.400 0.070 0.645 cont. 0.728 0.557 0.949 1.169 0.85 0.963 3.30 1.940 0.54 0.905 2.132 0.73 1.41 1.66 0.543 2.193



72 93 95 71 73 6.4 104 117 84 170 100 30 121 188 103 114 144 122 149 173 66 31 73 59 73 174 43 94 88 44 210 40 38 41 55 95 95 180 372 10.7 76 ≤ 0.3 128 24 120
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can be detected in galaxies far beyond the region of the supercluster where perturbations are present, effectively removing most errors in the redshift values. Galaxies in which supernovae of the so-called “Branch type Ia” have been identified and have had distances derived now include IC 4182 (SN 1937C), NGC 5253 (SN 1895B and SN 1972E), NGC 4356 (SN 1981B), NGC 4496 (SN 1960F), NGC 4639 (SN 1990N), and NGC 3627 (SN 1989B). When the corrections are included they are small and MB (max) = −19.47 ± 0.07. This gives Ho = 56 ± 4 km s−1 Mpc−1 from MB (max) and 58 ± 4 km s−1 Mpc−1 from MV (max). Since the two values of Ho (the NASA value and the Sandage value) differ by about 20%, beyond all of the publicity, there is a serious question of to what the difference is due. We have concluded that much of the difference should be attributed to the way in which the Freedman group have used the Tully–Fisher relation. Observational selection bias (Malmquist bias) has always to be contended with when large numbers of galaxies are observed (cf. Teerikorpi 1997). In that review Teerikorpi shows a good fit to a value of Ho = 56 km s−1 Mpc−1 based on three basic methods, SN Ia, Tully–Fisher using averages of several galaxies, and individual cepheid distances. This is independent confirmation of the results of Sandage and Tammann. To summarize this section, one of the most fundamental parameters of cosmology that determines the scale of the Universe had in ∼ 50 years been shown to be smaller, by a factor of approximately 10, than the value originally derived by Hubble and Humason some 70 years ago. 4 Extension of the Hubble relation to fainter galaxies By 1972 redshifts of many more clusters had been measured and the Hubble diagram was extended out to z  0.25. The largest redshift was that for the radio galaxy 3C 295 with z = 0.461, which Minkowski had measured in 1960. The relation, which relied on the brightest elliptical galaxies in clusters, was still strictly linear. To extend the relation further it was necessary to find fainter clusters. This was done by photographing random fields with the 200-inch telescope, and by identifying clusters containing 3C radio sources where it was known that no bright galaxy could be the source. Both methods led to the discovery of fainter galaxies and hence to larger redshifts. However, while it is possible in principle to use the Hubble relation to distinguish between cosmological models, this can only be done if we take into account the fact that since the fainter galaxies are much further away, we are observing them as they were when they were much younger than they are now. This requires us to make corrections for the evolution of galaxies as a function of epoch, using models that,
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except at z close to zero, cannot be checked in any detail. Thus this evolutionary correction causes problems if we are trying to determine the deceleration parameter q0 , which measures the departure of the m-log cz relation from linearity. The general relation is of the form: c m bol = 5 log 2 {q0 z + (q0 − 1)[(1 + 2q0 z)1/2 − 1]} + constant q0 which reduces to m bol = 5 log cz + constant for small z. Bolometric magnitudes are never measured. However, changing to a magnitude in a particular wavelength range only requires a change in the constant in the last equation. This bolometric correction term can be obtained from the spectral energy distribution for galaxies at small z. To convert to objects at high z we must put in a K term, which consists of a term to take account of the fact that the galaxy is no longer being observed in a particular wavelength, but at what for small z would be a shorter wavelength, and also with a bandwidth term 2.5 log (1 + z) to account for the stretching of the spectrum. Moreover, a galaxy at a high redshift is seen earlier in its life than a nearby galaxy and it has a different absolute luminosity due to the fact that the stars have not evolved as far as those in nearby galaxies. Thus there will be a change in the luminosity, which we call E(z), leading to an apparent magnitude given by 1/2 − 1]} m 1 = M1 − K 1 (z) − E 1 (z) + 5 log cq −2 0 {q0 z + (q0 − 1)[(1 + 2q0 z)



+ constant. Only for the steady-state cosmological model is E(z) = 0. Thus, except for the steady-state model, to obtain q0 from the observed curve, we must be able to determine E(z). This is very difficult. But, for example for q0 = 0, using arguments from stellar evolution, Sandage showed this for ellipticals     1 LN ≈ ln E(z) = 2.5 log LT 1+z where LN is the luminosity at z = 0, and LT is the luminosity at redshift z. For this cosmological model and a Hubble constant of H0 = 50 km s−1 Mpc−1 , E(z, t) = 0.07m per 109 years. A greater uncertainty comes from the possibility that the stellar contents of the galaxies used as standard candles are not the same from galaxy to galaxy. Many faint clusters with redshifts out to z ∼ 0.5 have by now been investigated, and it has become increasingly clear that the complications are increased, so that it is
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now obvious that the scatter in the data and the evolutionary corrections make it difficult to determine q0 by this method with any precision. By the 1980s it had been concluded that the method could not be used to determine q0 . Moreover, Butcher and Oemler (1978) discovered that in at least one faint highredshift cluster there are many faint blue galaxies. This discovery clearly showed that it could not be assumed that all of the faint clusters simply consisted of galaxies identical to local (z  0) ellipticals seen at earlier epochs. Thus the attempt to determine q0 by measuring departures from linearity in the Hubble diagram of normal galaxies was abandoned until recently, when it was revised by using Type Ia supernovae in distant galaxies to measure their distances. The advantage of using Type Ia supernovae in distant galaxies stems from the fact that, as we discussed earlier, they have very similar absolute magnitudes at maximum and thus they are very good “standard candles.” Since the middle 1990s two groups of astronomers have used techniques that enable them to detect large numbers of supernovae of Type Ia in galaxies out to redshifts z  0.7 with the largest redshift detection so far at z  1.6. All of the Friedmann–Lemaitre models for the Universe with a cosmological constant λ = 0 predict that the Universe must decelerate as it expands. In the case of the classical steady-state universe or the quasi-steady-state model where matter is continuously being created the Universe will accelerate as it expands. Alternatively, acceleration can be explained if the cosmological constant λ is finite and positive. The observations by the two groups led to the conclusion that the Universe is accelerating (Perlmutter et al. 1999; Riess et al. 1998). This was immediately interpreted by these authors as evidence for a positive cosmological constant, and it is now being widely reported that this result has established that the cosmological constant must be non-zero and positive, and there is much talk and belief in the idea that “dark energy” and “quintessence” are dominating the Universe. No attention is being paid to the perfectly viable alternative, namely that this may indicate that we live in a universe of the quasi-steady-state type (a cyclic universe), as described by Hoyle et al. (2000) in which acceleration is predicted. The data are clearly ambiguous even if the theories are not. Finally in discussing normal galaxies I shall devote a few remarks to the observation of much fainter galaxies thought to lie at much larger redshifts. 5 The fainter galaxies In order to extend the Hubble diagram to larger redshifts we need to go to much fainter galaxies.
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The technique that was used for some time was to find individual galaxies which are powerful radio sources, and obtain optical spectra. At comparatively small redshifts we know that the radio galaxies are predominantly luminous elliptical galaxies and if those could be used as standard candles, the Hubble relation could be extended out to redshifts ∼3. However, it turns out, almost without exception, that high z radio galaxies (HZRG) have strong emission line spectra (something that normal giant ellipticals do not have), and thus they may not be simple standard candles. However some have tried to interpret these systems as mature, slowly evolving galaxies. Up to z  2, the Hubble relation K (infrared luminosity) versus z for the 3C radio galaxies shows a small dispersion. Thus for example, Lilly and Longair argued that if one assumed a large burst of star formation at z ≥ 5 with declining brightness afterwards, the model was reasonable. A major difficulty in assuming that the radio galaxies can be used as standard candles is the alignment effect, which was found in the later 1980s. It was shown that the radio, optical, and infrared continua and the emission line structure are all extended and aligned along the major radio axis. This suggests that the event(s) that have given rise to the extended radio sources (the active galactic nuclei) have also given rise to changes in the luminosity of the galaxies, thus making it less likely that they can be used as standard candles. In the last decade a great deal of work has gone on to try to understand the population of faint galaxies and to measure their redshifts, and I shall be very brief in summarizing this work. The major drives have been (a) because the newer telescopes and detectors have enabled us to go much fainter than ever before, and (b) because it is generally believed that in looking back in redshift and sampling galaxies of an earlier epoch, we are getting closer to the time when all galaxies were young. Unfortunately this latter argument depends very strongly on the belief in the idea that all galaxies formed soon after a big bang, which may well not be true. That this is the case can be seen from the earliest observational attempts to find primeval galaxies by Partridge and by Davis and Wilkinson, who were following the initial prediction of Partridge and Peebles. Early attempts were made by Djorgovski to detect redshifted Lyα. While some Lyα emitters were seen close to high redshift QSOs, as we shall discuss in the second part of this paper, it may well be that the QSOs are not trustworthy when it comes to using their redshifts as cosmological probes. The major breakthrough in detecting high redshift galaxies came with the realization within the UV spectra of star-forming galaxies that there will be a Lyman continuum discontinuity at 912A. This is called the Lyman break. The use of this,
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pioneered by Steidel and Steidel with others (Steidel et al. 1996) had led to the measurement of many hundreds of galaxy candidates with redshifts in the range 2.2 < z < 3.6 using ground-based telescopes and HST. An extensive review has been given recently by Giavalisco (2003). In order to confirm that such galaxies are star-forming but otherwise normal galaxies, and not AGN or QSOs, individual spectra are required. This requires the largest telescopes (8–10 meter class). By now large spectroscopic samples are available over the redshift range 2 < z < 3.5. A limited number of redshifts have been found of galaxies in the Hubble Deep Field. Here there are some Lyman break galaxies with z > 4. There have also been some studies of the faint red galaxies. When such galaxies were first discovered they were thought to have very high redshifts (z = 20), but later they were thought to have 2 < z < 3, and by now it has been concluded that the redshifts are smaller, in the range z = 1–2. A recent review has been written by McCarthy (2004). All of the studies of the faint galaxies have been concerned with their colors, luminosities, and chemical compositions, and whether or not evolution can be detected and how they fit into the popular schemes of galaxy formation. Not surprisingly, they have not really told us very much about the Hubble diagrams for the faintest detected systems. This is all I want to say about the redshifts of “normal” galaxies. However before I turn to the redshifts of QSOs I want to mention two aspects of galaxy redshifts that have not had much attention paid to them, but may ultimately be important.



6 Anomalous redshifts of galaxies a. Small periodic effects in ∆ z. Tifft (1976) first pointed out that if the differences between the individual redshifts of galaxies in a rich cluster, the Coma cluster, are plotted it appears that the differences tend to show a periodicity with the period c z  72 km s−1 . While this result was confirmed by Weedman, and found in other clusters, the effect has been largely disregarded. However the most precise study of this by Guthrie and Napier (1996) using very local spiral galaxies with very accurate redshifts, measured using the 21 cm line, has confirmed the reality of the effect, though they have concluded that the periodic term c z = 37.6 km s−1 . It remains unexplained. b. Anomalous redshifts of pairs or multiple groups of galaxies. For more than thirty years we have known that there are many tight groups of galaxies with at least one redshift that is far greater (or smaller) than the others (Burbidge and Burbidge 1959; Burbidge and Sargent 1971; Arp 1987; Arp and Sulentic 1985; Hickson 1997 and many other references). Of course most astronomers have ignored these results, and if told about them have refused to believe the statistical evidence. In other words, they want to attribute all such
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configurations to accident. So once again the data have been ignored, but I believe that they are real. Dr. Napier will talk about the first of these topics.



7 QSOs: Introduction These objects were first identified in 1960 as radio sources and after only a few had had their redshifts measured it was becoming clear that there was little, if any, correlation of z with apparent magnitude (see Fig. 2.1, taken from Hewitt and Burbidge 1993). This, together with the fact that they were soon found to vary in time both in radio flux and in optical flux, showed that they were very different from normal galaxies of stars. Of course, their spectra show no indication at all that stars are present, though their chemical composition based on emission line studies suggested that the chemical composition is fairly normal (Hamann and Ferland 1999). The variability meant that they are very small, probably no bigger than the solar system, and this led to difficulty with the physics if the redshifts were measures of their distances. But despite these problems most astronomers assumed that the very large redshifts (3C 9 with z = 2.012 had been found in the first 20) meant that they could be used for cosmological investigations. However, the strongest evidence that, at least for some of them, this could not be the case, came through studies of their proximity and apparent associations with comparatively nearby bright galaxies. Figure 2.2 shows an interesting case of such a connection. Unfortunately, only a few astronomers chose to investigate this aspect of the problem but, after more than thirty years, we believe that the case for the existence of local QSOs whose redshifts in large part are not due to the expansion of the Universe has been established. In the next sections we will outline this evidence.



8 The data It was Arp (1966a, b, 1987) who first showed that many of the powerful radio sources that had been found in the 3C and Parkes radio source surveys appear to lie in pairs across peculiar interacting galaxies in his catalogue. Some of these sources had been identified with high redshift QSOs. Soon after this a proper statistical study was made of the positions of the complete sample of 3C QSOs (50 in all) and the galaxies in the Shapley–Ames catalogue. In this study it was found that five of the QSOs lie within 6 arcminutes of bright galaxies, and Monte-Carlo tests showed that there was a very strong probability that these associations are real (Burbidge et al. 1971). See further discussion of these data by Kippenhahn and de Vriess (1974). Arp investigated the environments of many bright
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Figure 2.1 Redshift – apparent magnitude plot for 7315 QSOs taken from the catalogue of Hewitt and Burbidge (1993).
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Figure 2.2 NGC 3067, showing 21-cm radio contours and the QSO 3C 232 (z = 0.533) at the center of the 21-cm contour immediately north of (above) the Galaxy (from Hoyle et al. 2000).
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galaxies and showed that there were many cases of close proximity with QSOs with very low probability that these are accidental configurations (Arp 1987). In Table 2.2, we showed a large number of such cases found by Arp and others as listed by Hoyle et al. (2000). Even stronger evidence for physical connection between a high redshift QSO and a galaxy is present in a few cases – e.g., NGC 4319 and MK 205, and the connections between the galaxies in NGC 7603 (Arp et al. 2003). Again, these were found by Arp, and in recent years Lopez-Corredoira and Gutierrez have found that in the case of NGC 7603 there are indeed four objects all with very different redshifts connected by luminous bridges. In the last ten years or so the few people working in this field have used the X-ray surveys to identify QSOs, which often are clustered about active galaxies (AGN).



9 QSOs associated with AGN galaxies A program was begun with observations with the ROSAT satellite by Pietsch et al. (1994), and examination optically of the ROSAT PSPC fields by Arp (1997) and Radecke (1997) showed excess numbers of point X-ray sources within the 50 arc min fields centered on the AGN galaxies. This is very clearly shown in figures published by Radecke (1997); he determined the probability that the effect is real as ∼7.6σ . Arp and Radecke, working with the ROSAT data, found a number of coincidences between ROSAT sources and faint blue stellar objects (BSO), and published coordinates and finding charts for several of them. In the last few years a number of examples have been studied. I shall describe some of them in what follows. NGC 4258 Two BSOs were found to lie roughly symmetrically on each side of this nearby active galaxy (D  4 Mpc) (Pietsch et al. 1994). He applied for observing time at the optical ESO telescope at Calar Alta, but did not obtain any. This is shown in Figure 2.3. During a visit to Garching, Pietsch and Arp showed E. M. Burbidge the data, and asked whether I could observe the BSOs, which were candidate quasars. She had some observing time at Lick Observatory requested, so she agreed, and she used the Lick 3 m telescope to obtain spectra of the BSOs. They were both found to be QSOs with redshifts 0.398 and 0.653 respectively (Burbidge 1995). NGC 4258 is a very interesting galaxy in itself; it has complex motions of the gas in its central region, H2 O megamaser measurements have shown central rotation around a massive black hole, and multiple-valued velocities in the gas at the center of NGC 4258 have been found. It clearly merits further detailed study. Arp and colleagues followed the study of the QSOs apparently associated with NGC 4258, with observations of optical identifications of BSOs at ROSAT X-ray positions around a
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Figure 2.3 Field of NGC 4258 (from Pietsch et al. 1994) showing the two QSOs at the positions of ROSAT point sources.



number of AGN galaxies, of which we give details for the galaxies NGC 2639, NGC 3516, NGC 1068, NGC 3628, M82, Arp 220, and NGC 7319. NGC 2639 The next Arp/Radecke field with candidate QSOs aligned almost on the minor axis is NGC 2639, where there are several known QSOs in the field (Arp 1997). Lick observations of the NE ROSAT candidate QSO (Burbidge 1997) showed it indeed to be a QSO: thus there are two ROSAT QSOs aligned almost on the minor axis and at almost equal distances from the nucleus of this AGN galaxy, with almost equal redshifts z = 0.3048, 0.3232. There is also a line of seven less strong X-ray sources conspicuously extended NE from the nucleus
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Figure 2.4 Field of NGC 2639, showing line of QSOs along its minor axis, from Burbidge et al., in press.



of NGC 2639, along its minor axis (see Fig. 2.4). Our recent observations at the Keck Observatory have shown them all to be QSOs, with z = 1.304, 0.352, 2.630, and 0.337. NGC 1068 This Seyfert galaxy has also been shown to be at the center of a group of 11 QSOs brighter than V = 19 mag., with redshifts z = 0.261 to 2.108, lying within a radius of 50 of the galaxy. These data are shown in Burbidge (1999). NGC 3516 Chu et al. (1998) noted a very interesting configuration of five X-ray emitting BSOs distributed in a line along the minor axis of the Seyfert galaxy NGC 3516, which is a strong X-ray emitting galaxy in the ROSAT list. Spectra they obtained with the 2.16 m
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telescope at Xinlong Station, Beijing Astronomical Observatory, showed the five objects to be QSOs with redshifts 0.33, 0.69, 0.93, 1.40, and 2.10. This configuration, strongly suggestive of the ejection of these QSOs from the nuclear region of NGC 3516, is one of the most interesting configurations discovered in the study of QSOs in the fields of AGN galaxies. NGC 3628 This is a starburst/low-level AGN galaxy in the Leo Triplet, noted for its extensive outgassed plumes of neutral hydrogen, which is undergoing major internal dynamic activity. The field around NGC 3628 is particularly interesting, because of the large number of QSOs within a few tens of arc minutes of the nucleus of the galaxy, and a tail of X-ray emission extending 4 arc min south, and linking QSOs with z = 0.995, 2.15, 1.75 to the nuclear region of NGC 3628; Fig. 2.5 shows this. Nine QSOs (z = 1.46, 2.06, 1.75, 2.15, 0.995, 0.981, 0.408, 2.43, 1.94) lie within a circle of radius 17 arc min of the center of NGC 3628. Within ∼15 of its center there are seven known QSOs and one probable QSO, and the two QSOs a few arc min south of the nucleus are connected to the nucleus, as shown by a broad band ROSAT map smoothed and contoured from PSPC photon event files. An R-band exposure with VLT-FORS2 shows this chain of objects (ref. Arp et al. 2002; ESO Messenger March 2002). M82 This nearly edge-on galaxy was shown in early studies to have outflowing gas perpendicular, north and south, to the major axis of this starburst galaxy. This outflow is now known to be related to the tremendous star-forming activity in its central regions. Studies from 1980 on have shown: (a) nine QSOs lie in a cone extending about 10 SE of M82; (b) a filament NE was detected in Hα emission by Devine and Bally (1999); (c) 17 unresolved X-ray sources were mapped by Dahlem et al. (1998) outside, but close to, M82, of which they suggested “that at least some of the unresolved sources are associated with M82.” We were able to measure with the Keck 10-m Telescope stellar objects, which Arp had identified at six of the Dahlem et al. positions, and found all to be fairly low-redshift QSOs (Burbidge et al. 2003), where we also list the other QSOs, already known, close to M82. Arp 220 Arp 220 is a nearby ultraluminous infrared galaxy that is a strong X-ray source. Four compact ROSAT X-ray sources close to Arp 220 identified with blue stellar objects were observed at Lick Observatory and Beijing Astronomical Observatory. All are QSOs. The two closest to the center have almost equal redshifts 1.249, 1.258, and the outer two have z = 0.232, 0.463 (Arp et al. 2001). This field merits further study; Arp 220 is a complex object. NGC 7319 So far, we have presented data on QSOs close to, but outside, the galaxies with which they are associated. Our most recent data have been on an optical object at the position of one of the ultraluminous X-ray sources (ULX), which are being discovered by Chandra and XMM-Newton lying within spiral galaxies. Since they emit at levels above 1038.5 erg s−1 these cannot be normal X-ray binaries. Burbidge et al. (2003) suggested that they might be QSOs, with a wide range of redshifts, in the process of being ejected from the galaxies.
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Figure 2.5 NGC 3628, showing isophotal contours of neutral hydrogen and locations of the numerous known QSOs and candidates as yet not observed, from Arp et al. (2002).



One such object has been found only eight arc seconds from the nucleus of NGC 7319, a Seyfert galaxy in Stephan’s Quintet. With the Keck 10-meter telescope we have shown that it is a QSO with z = 2.11 (V = 21.79) (Galianni et al. 2005).).



10 Conclusion This is a brief survey of the work on determination of the Hubble constant from the redshifts of galaxies, and the work now ongoing on the measurement of the large redshifts of faint, very distant galaxies. Then we discuss the problem of the redshifts of the QSOs, with examples of some galaxies with active nuclei where QSOs with very different redshifts appear to be associated with these galaxies. When the number of such QSOs in the small fields around such galaxies are compared with statistical work on numbers of QSOs in the general field – such as work with the 2dF instrument on the Anglo-Australian Telescope – the concentration of QSOs around



The redshifts of galaxies and QSOs



35
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Discussion Q : W. NAPIER: I wonder whether the apparent extension of the X-ray contours from NGC 3628 to the QSOs at z = 0.995 and 2.15 might be an artefact, caused by the “bleeding” of separate extended X-ray fields? The same question might be asked of the radio map of 3C 343.1, showing an apparently common bridge between it and the nearby QSO. A : M. B. : I do not think that point X-ray sources can “bleed” in this way. I was impressed by the large-telescope image of the S part of NGC 3628, which we showed in our paper. Also, the large number of QSOs around NGC 3628 is unusual, given the standard counts of QSOs per square degree. In the case of 3C 343.1, we are looking at radio contours, not X-ray contours, and I think it unlikely that radio contours can be considered to “bleed” in this way.



3 Accretion disks in quasars? Jack W. Sulentic University of Alabama, Tuscaloosa, 35487 USA



Abstract This polemic considers the reality and implications of broad double-peaked Balmer, and super-broad asymmetric FeK alpha, emission lines in quasars. Current evidence suggest that both are rare. The lack of physical consistency and/or correlation in a disk model parameter space suggests little support for the claims that these lines arise from an accretion disk.



1 Introduction Everyone knows that the central engine of a quasar involves accretion onto a supermassive black hole (SMBH). What else can it be? Especially if the Doppler interpretation of quasar redshifts is accepted and is correct. What else could the redshift be? This ideological approach to science is both good and bad. Without a paradigm research in this area would lack any focus or direction. Such anarchy is clearly out of favor. The danger, however, is that a paradigm can be confused as fact and efforts to explore, or even hypothesize, alternatives is discouraged and even suppressed. This tendency can be re-enforced in more ideologically oriented cultures because scientists, after all, are not immune to the weaknesses of the societies in which they work. There is a tendency, when a paradigm becomes too strong, for observations to be treated with a measure of skepticism and even contempt. This is true unless they support the prevailing beliefs. Part of the disbelief can stem from genuine skepticism given the difficulty of obtaining good data. ‘Good’ is obviously an ill-defined term but, in this context, it involves a clear understanding of what a given set of data can, and cannot, tell you. In other words the ability of that data to constrain models. Quasar spectroscopy is a good example of this tendency. It has been out of fashion for more than a decade because of both: 1) the difficulty of obtaining spectra which 37
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reasonable S/N and resolution, and 2) the failure of models to reproduce what is observed. There may well be an added fear component injected by Arp and collaborators: the fear that something really challenging to the paradigm might be discovered. While discovery is exciting to a scientist, it can be a source of fear to a careerist. Following the above lines, any single piece of data that supports the paradigm will often be accepted without question and lionized in the scientific press. Excellent recent examples involve: 1) double-peaked Balmer emission lines in the optical spectra of some quasars and 2) broad 6.4 keV FeKα emission lines in the hot, young field of quasar X-ray spectroscopy. We use the word quasar here in a generic fashion, which means all classes of extragalactic objects that show broad (full width −1 at half maximum FWHM 1000 > ∼ km s ) optical emission lines. This includes the nuclei of Seyfert and radio galaxies as well as radio-quiet and radio-loud point source quasars. The galaxies tend to show redshifts z < 0.1 while the latter show a redshift distribution that peaks near z = 2.0−2.5. They are often united under the umbrella of “active galactic nuclei” (or “AGN”), which re-enforces the paradigm that they are driven by the same physics, differing only in their redshift-implied distances and, hence, luminosities. AGN with both double-peaked Balmer and broad FeKα emission lines have been widely touted as the direct signature of a line-emitting accretion disk. Why were such observations so widely hyped? For example, both were editorialized in Nature. Perhaps that should be a warning sign? No attempts to refute, or even moderate, this view appeared there. The reason for this hype stems from the implication – direct detection of a line-emitting accretion disk (AD) is as close as we will ever come to proving the existence of SMBH. AD and SMBH may well exist but do these observations constitute the proof they are claimed to represent? Consideration of these two independent lines of spectroscopic evidence is not directly related to the subject of this conference – as Geoff Burbidge pointed out. But perhaps Geoff is affected too much by the anti-paradigm effect – he does not require observational evidence to “know” that the standard paradigm is wrong. Since the organizers asked me to speak on “accretion disks,” and I doubt that they want to hear the latest models emerging from the burgeoning industry of accretion disk theory, it seems worthwhile to look at these data with a hard eye. After all, if the existence of AD and SMBH can be proven then maybe there was reason to organize this conference. The data should be allowed to speak and surely they should cut the AD models both ways. This is at least a reasonable approach if there is still a need for empiricism in science. In the next two sections let us consider, in the hard light of day, the observations that were obtained (at least half of them) in the dark of the night.
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2 Double-peaked Balmer emission lines Considerable excitement was generated when reasonably high S/N spectra of an AGN, appropriately named Arp 102b, revealed very broad and double-peaked Balmer emission lines. This discovery was quickly followed by demonstrations that the lines could be reasonably well fit by the sort of profiles expected from a relativistic Keplerian AD (Chen and Halpern 1989; Chen, Halpern, and Filippenko 1989). Other bright and famous sources like Pictor A (Halpern and Eracleous 1994), 3C390.3 (Perez et al. 1988), and 3C332 (Halpern 1990) also show such doublepeaked line profiles. At face value the evidence for AD line emission looks good but let’s see how far that goes (see also Sulentic et al. 1999) and, especially, let us contextualize the data and the model. After all, quasars show such a spectral diversity that almost anything can be found. The paradigm, however, holds that all quasars are powered by an AD (fresh supply + SMBH (central engine). r While the above objects are intriguing, the fact is that double-peaked line profiles are very rare. The above discoveries were followed up by a campaign to find more. Considerable time on large telescopes was granted (as inferred from the published papers) to carry out a spectroscopic search. Since all, or most, of the known double-peak sources were radio-loud, the search concentrated on radio-loud AGN (about 10% of AGN are radioloud) with broad and/or complex Balmer line profiles (Eracleous & Halpern 1994; 2003). Perhaps ∼20% of the sources showed some kind of twin shoulders but only ∼60% of those could be well fit with profiles derived from simple relativistic disk models. This leaves us with less than 1% of all AGN that show such spectra, which leaves us with three possible interpretations of the double-peaked sources. They are either: a) miraculous, b) pathological, or c) observed at a special orientation to our line of sight. Our own work involving spectra of 200+ bright, low redshift AGN (Marziani et al. 2003) suggests that these sources are outliers, i.e. rare and/or hathological, when compared with the distribution of Balmer line FWHM for a large sample of quasars. If they are rare because we view them at a preferred orientation, then they should statistically favor sources with AD oriented near face-on rather than edge-on. But sources wtih double-peaked lines show the BROADEST profiles observed implying intermediate or edge-on viewing angles where the MAJORITY of sources should be observed. The Broad lines in sources with AD oriented near edge-on are throught to be observed by an optically thick torus (called type 2 AGN). The preferred orientation interpretation would instead favor models involving binary SMBH or bicone outflows (e.g., Zheng et al. 1990; Sulentic et al. 1995). The former has failed basic observational tests (Eracleous et al. 1997) while the latter has problems and, even if correct, offers no support for the AD paradigm. r Radio-loud sources, interpreted as the AGN with the most directly visible AD, show the weakest optical FeII line emission. FeII emission can be argued to be one of the defining characteristics of broad line AGN. Ironically the ubiquity and strength of FeII emission in AGN is perhaps the strongest argument in favor of the AD paradigm. An AD provides the necessary physical conditions (e.g., high electron density and column density; Dumont
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& Collin-Souffrin 1990) to account for the FeII emission. If FeII emission arises in an AD then double-peaked lines probably have nothing to do with an AD. r Several of the well known double-peaked sources have been monitored for variability and the observations reveal that the two emission lines peaks vary out of phase (Arp 102b – Miller & Peterson 1990; 3C390.3, Zheng et al. 1991). Others show transient doublepeaked line structure (NGC 1097 – Storchi-Bergmann et al. 1997; Pictor A – Sulentic et al. 1995). Out-of-phase variability requires more exotic (i.e., more free parameters) disk models and transience is inconsistent with a stable AD. r The initial hype involving Arp 102b motivated us to try a more general confrontation between disk models and line profile parameters (Sulentic et al. 1990). For example, simple relativistic Keplerian disk models predict double-peaked profiles with: a) a stronger blue peak (from Doppler boosting) and b) a redshifted base (from gravitational redshifting at the innermost radii). We explored a wide range of AD illumination models and also took source orientation into account. Model predictions showed no general agreement with observation. Given the growth of the AD model industry, it is safe to say that a model can be found to fit almost any conceivable profile, but that is model fitting and not science. One gets the impression than this is ok after a paradigm has become “fact”. It is obvious that real support for the disk paradigm requires some model fitting, a sample of sources, and finding some concentration or correlation of the individual fits in the n (= 4 or 5) dimensional AD model parameter space. The fits to the radio-loud sample mentioned above (Eracleous & Halpern 1994; 2003) show no evidence for such a correlation. Individual source fits scatter widely in the parameter space without any hint of correlation with observed source properties. Where is the Nysics



So where are we 15 years after the double-peak hype began? The rarity of doublepeaked sources remains a thorny issue. This, and rigid adherence to the paradigm, likely motivated a search for double-peaked sources among the plethora of quasars (more than 3000 searched) in the SDSS archive. This search yielded 116 sources (∼3–4%) with “double-peaked” Balmer lines among the quasars (Strateva et al. 2003). Most of the candidate SDSS double-peaked quasars are radio-quiet in contrast to the earlier survey that found most double-peakers to be radio-loud. That is potentially good for the AD paradigm because radio-quiet quasars represent the majority and they should host AD+SMBH too. But are they double-peaked sources? A glance at the candidate atlas reveals that most are not double peaked. Very few look like the sources in Eracleous & Halpern (1994; 2003). Many can be described as lumpy profiles. In many cases one of the lumps is red- or blue-shifted relative to the inferred quasar rest frame while the other peak is unshifted. In a number of cases a central single-peaked component is subtracted from the broad profile to yield a more double-peaked appearance! It is true that most quasars show single-peaked and relatively unshifted line emission. It is true that this more ubiquitous line component might “get in the way” of seeing the double peaks. But such data modification would be loudly denounced if it were done in support of anything outside the paradigm. Line profiles in most or all of the 116 sources were fit with



Accretion disks in quasars?



41



disk models. As we noted before, one can find a disk model to fit almost any line profile and this is the proof of it. Needless to say, the parameter fits fill the entire n-dimensional disk parameter space. There is no physics here. Any connection between double-peaked line profiles and AD physics is weak or nonexistant. 3 The FeKα emission lines X-ray spectroscopy of quasars is only about 10 years old. A K-shell iron line at 6.4 keV is the strongest emission line feature observed in the X-ray spectra of quasars. The ASCA mission permitted the first line profile measures of this FeKα line in many AGN. Considerable excitement greeted the relatively high S/N observations of the FeKα line in the Seyfert galaxy MCG-6-30-15 (Tanaka et al. 1995). The excitement was greater than for Arp 102b (in 2004: 340+ citations vs. 120–140) because, while not double-peaked, the FeK profile was extremely broad and highly asymmetric. It showed a sharp narrow peak on the high energy (blue) side and a red extension implying velocities up to 100 000 km s−1 . It was immediately fit with a disk model that suggested we were seeing line emission from the innermost radii of an AD. This discovery motivated a flurry of AGN spectroscopic observations of other AGN with ASCA (Nandra et al. 1997a,b; Reynolds 1997). An enormous number of trees were cut down to fuel the multitude of papers published during this paradigm driven hysteria. The conclusion in the end was that the FeKα line was broad and complex in all or most low redshift sources. And, of course, it was assumed to arise from the AD in all sources. Let us examine these data in the cold light of day (see also Sulentic et al. 1998a, b). Echoing the results for the double-peaked Balmer lines, the Fek profile fits showed no convergence in a disk parameter space (or Kerr vs. Schwarzschild metric for that matter) with one possible exception – most of the data required line emission from the innermost radii of the AD. The majority of FeK profiles showed a blue peak that always agreed closely with the rest frame of the quasar (i.e., 6.4 keV). It was easy to show that a modest range of source orientations to our line of sight (e.g., 15◦ ) would produce a considerable scatter in the peak energy of this narrow component interpreted as the Doppler boosted wing of a relativistic disk profile. The constancy suggested to us that the broad redshifted and narrow unshifted components of the line were independent (in MCG-6-30-15 they vary out of phase; Iwasawa et al. 1996). In this case the unshifted narrow component offers little hope as a proof of the AD paradigm. We argued that decomposition of the profile left a broad redshifted component that was as well fitted by a symmetric Gaussian as by a more complex shape. Naturally the former symmetric fit is incompatible with disk emission from a relativistic regime. Our citation rate did not fare as well as the earlier ones but, when one considers the fate of bearers of bad news in earlier times, this is a small price to pay for playing the devil’s advocate.
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So where are we almost ten years after the FeK hype began? It is a very different world because we have CHANDRA and NEWTON, which provide spectra of much higher S/N and resolution. The biggest change is that many of the sources thought to show the broad complex FeK profile are not confirmed with better data (about with, vs 55 without, at. Low S/N and resultant poor definition of the underlying continuum plagued the ASCA spectra. Now we often see sources with the relatively narrow spectral signature of cold, warm, and hot FeK at 6.4, 6.7, and 6.9 keV respectively. MCG-6-30-15 remains the source with the strongest broad FeK line. Some adopt our (and a few others) two-component interpretation of the line and move the redshifted component inside the last stable orbit (Wilms et al. 2001), others (Vaughn and Fabian 2004) continue to insist that the line is an AD signature, and still others abandon the AD paradigm in whole or part (e.g., Misra 2001; Inoue and Matsumoto 2003). Many papers (e.g., Page et al. 2003) now openly admit that the FeK line no longer provides strong direct evidence for the relativistic AD paradigm. In the unlikely possibility that MCG-6-30-15 does provide such evidence, it is of minor importance because it can no longer be generalized to the majority of AGN.



4 Conclusions The claims that double-peaked optical and 6.4 keV X-ray emission lines arise from an AD in the majority of AGN do not survive close scrutiny. No physics surrounds these claims – only ideology and unrestricted AD model fitting. This does not prove that disks do not exist, only that direct evidence for them does not lie with these data. Why is this worth a presentation at an unconventional meeting? Why is the message presented so strongly? In part it is intended as a counterpoint to the strident claims that have been made in the past 15 years in support of the AD paradigm. There is also the hope that students will become more sensitive to the role that paradigm plays in their interpretation of data. Perhaps it will encourage them to be more skeptical and to consider alternatives, at least mainstream ones, when evaluating data in the context of the standard model. This is best done after they have found a permanent job. Finally the message to the few people working on real alternatives is that they should not be intimidated by the edifice of data that is presented (even at this meeting) in support of the standard big-bang model. The evidence is composed of many pieces and many of them, when examined carefully, will have all of the weaknesses of the ones discussed here.
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Discussion Q: B. LEMPEL: In an expanding gas bubble (e.g., supernova . . .), the gas pressure tends to push the dust into a shell shape towards the outer part of the bubble. The velocities of gas and dust decrease from the inside to the outside of the bubble. An Hα line, for example, is split (at the edges of the bubble) with one side being redshifted and the other blueshifted. However, because of the cosmological redshift, the redshifted component will be in the IR while the blueshifted component will be in the visible. Due to this splitting of velocity, absorption due to dust can act as a broad-band filter, which absorbs all the visible light and, therefore, all the lines in the visible. The object can then appear as an “ultra cosmological” object as the IR radiation is not absorbed. A: J. S.: If I understand you correctly, the velocity separation in the expanding bubble that you describe would require an expansion velocity in excess of the speed of light and would therefore be impossible. In the visible an expansion velocity of 1/3c
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would require a separation of Hα peaks of ∼2200 angstroms or an FeKα profile width of about 3–4 keV in the X-ray. Q: J. SUPERNANT: Optical fiber spectrographs are now common. Has anyone tried using two optical fibers to “turn” around a QSO in order to resolve the two jets, or two sides of an accretion disk? A: J. S.: As also pointed out by Professor Pecker, we can not spatially resolve the two sides of an accretion disk (if it exists) – even from space. We are spectroscopically resolving something in quasars with double-peaked emission lines but we cannot agree what that “something” is (e.g., accretion disk, bicone/jet flow, binary black hole, or none of the above). Comment: M. MOLES: Evolution should have to take into account the need of a physically large volume to capture not only some average values but also the variance at every z. This is hard to do and very rarely done to low z-values. This is a real weakness for many of the claims of evolution seen in some parameters. Moreover, in many cases, the final results are dependent on the specific metric used. All in all, the quantitative arguments on evolution are not too many! Q: H. ARP: What is the situation with ejection? Do you see evidence in the double-peaked lines for ejection of material? A: J. S.: We have considered a bicone outflow model for the sources that show doublepeaked emission lines. The model works better than standard accretion disk fits and accounts for their rarity in a natural way (preferred orientation). It is however not in fashion at this time. The recent paper by Eracleous & Halpern 2003 (cited in my text) argues against it. Q: J. V. NARLIKAR: I have been trying to get from the specialists on accretion disks, the size of the disk for a given black hole mass, say 109 M. I could not get a straight answer. Do you know the answer?
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A: J. S.: One can estimate the size of accretion disks theoretically or experimentally. The size of the putative disk in quasars is often modeled in the range of 10-25 000 Schwarzschild radii (where rg = GM/c2 ). The disk is thought to become gravitationally unstable at larger radii. If one answers in an empirical way then, if optical emission lines come from the disk, then reverberation mapping results suggest that the radiating part of the disk is 1–100 light days from the central continuum source. Comment: A. BLANCHARD: The integrated emissivity of galaxies is claimed to show an evolution of the average population of galaxies, increasing first rapidly and then flattening or decreasing at higher redshift. Q: J. SURDEJ: Mike Hawkins has produced one of the most complete surveys of quasars based upon photometric variability over long time scales. His work has been published. He was able to pick up all quasars identified by means of independent techniques (color, X-ray, etc.). A: J. S.: It is an interesting way to search for quasars. If I am not mistaken it involves only one field (ESO/SERC 287) with a long temporal baseline of observations. I am not aware of any discussion of this sample in the context of completeness. Q: A. BLANCHARD: There are few “standard cosmologists” who acknowledge that there is now a covariant formulation of the MOND-like approach that is in very acceptable agreement with observations. A: J. S.: If the number of people who acknowledged a result was proportional to the physical consistency underlying it then there would be 103 m for MOND and 10−3 m for accretion disks. That does not mean that MOND is correct or that accretion disks are non-existent. Acknowledgement is usually 90% ideology and 5% awareness of the facts!
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Abstract I describe briefly the Cosmic Microwave Background (hereafter CMB) physics, which explains why high accuracy observations of its spatial structure are a unique observational tool to test our cosmological models, determine the global cosmological parameters, and constrain observationally the physics of the early Universe. I also briefly survey the many experiments that have measured the anisotropies of the CMB and led to crucial advances in observational cosmology. The somewhat frantic series of new results has culminated in the outcome of the WMAP satellite, which confirmed earlier results, set new standards of accuracy, and suggested that the Universe may have reionized earlier than anticipated. Many more CMB experiments are currently taking data or being planned, offering opportunities to challenge further the current concordance model. The large increase in accuracy promises the possibility of falsifying or consolidating even more strongly the current paradigm, which has already met with considerable predictive success. 1 Introduction As we shall see, the analysis of the CMB temperature anisotropies indicates that the total energy density of the Universe is quite close to the so-called critical density, ρc , or equivalently  = ρ/ρc  1. We therefore live in a close-to-spatially-flat Universe. In agreement with the indications of other cosmological probes, the team of the CMB satellite WMAP [4] found that about 30% of that density appears to be contributed by matter ( M = 0.29 ± 0.07), most of which is dark – i.e., not interacting electromagnetically – and cold – i.e., its primordial velocity dispersion can be neglected. The usual atoms (the baryons) contribute less than about 5% ( B  0.047 ± 0.006) [18]. If present, a hot dark matter component does not play a significant role in determining the global evolution of the Universe. While many candidate particles have been proposed for this CDM, it has not yet been detected in 49
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laboratory experiments, although the sensitivities of the latter are now reaching the range in which realistic candidates may lie. The other ∼70% of the critical density is contributed by a smoothly distributed and slowly varying “vacuum” energy density or dark energy, whose net effect is repulsive, i.e., it tends to accelerate the expansion of the Universe. Alternatively, this effect might arise from the presence in Einstein’s equation of the famous cosmological constant term, . While this global census, surprising as it may be, has already been around for some time (see Section 3), the WMAP results have tightened earlier constraints and gave further confidence to the model. These constraints obtained from the analysis of CMB anisotropies arise from – and confirm – the current theoretical understanding of the formation of large scale structures in the Universe, which we now briefly outline. The spatial distribution of galaxies revealed the existence of the large scale structures (clusters of size ∼ 5 Mpc, filaments connecting them, and voids of size ∼ 50 Mpc), whose existence and statistical properties can be accounted for by the development of primordial fluctuations by gravitational instability. The current paradigm is that these fluctuations were generated in the very early Universe, probably during an inflationary period; that they evolved linearly over a long period, and more recently reached density contrasts high enough to form bound objects. Given the census given above, the dominant component that can cluster gravitationally is Cold Dark Matter (CDM). The analysis of the CMB anisotropies also indicates that the initial fluctuations statistics had no large deviations from a Gaussian distribution and that they were mostly adiabatic, i.e., all components (CDM, baryons, photons) had the same spatial distribution. The power spectrum of the “initial conditions” appears to be closely approximated by a power law P(k) = |δk |2 = A S k n S , where δk stands for the Fourier transform of the density contrast (P(k) is therefore the Fourier transform of the two-point spatial correlation function). The logarithmic slope, n S , is quite close to unity (n S = 0.99 ± 0.04 from WMAP alone [18]). This shape implies that small scales collapsed first, followed by larger scales, with small objects merging to form bigger objects. The formation of structures thus appears to proceed hierarchically within a “cosmic web” of larger structures of contrast increasing with time. Figure 4.1(a) shows the generated structures in the CDM components in a numerical simulation box of 150 Mpc, while Figure 4.1(b) shows the evolution with redshift of the density in a thin slice of that box. The statistical properties of the derived distribution (with the cosmological parameters given above) appear to provide a close match to those derived from large galaxy surveys. Note that this simulation with  = 2/3,  M = 1/3 was performed in 2000, well before the WMAP results. Indeed it was already then the favorite model. When collapsed objects are formed, the baryonic gas initially follows the infall. But shocks will heat that gas, which can later settle in a disk and cool, and form
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Figure 4.1 A numerical simulation in a 150 Mpc box of a LCDM Universe ( = 1,  = 2/3, n S = 1). (a) Resulting distribution of the CDM at present (luminosity proportional to the density). (b) Temporal evolution by gravitational instability of a thin (15 Mpc) slice of the box showing the hierarchical development of structures within a global cosmic web of increasing contrast, but quite discernible early on.



stars and black holes, which can then feed back through ionizing photons, winds, supernovae . . . on the evolution of the remaining gas (after first reionizing the Universe at z > 6). In this picture, galaxies are therefore (possibly biased) tracers of the underlying large scale structures of the dark matter.



2 Physics overview of CMB anisotropies In this standard cosmological model, processes in the very early universe generate the seed fluctuations that ultimately give rise to all the structures we see today. In the early Universe, baryons and photons were tightly coupled through Thomson scatterings of photons by free electrons (and nuclei equilibrated collisionally with electrons). When the temperature in the Universe became smaller than about 3000 K (which is much lower than 13.6 eV due to the large number of photons per baryon ∼ 1.5 × 109 ), the cosmic plasma recombined and the ionization rate xe fell from 1 at z > 1100 down to xe < 10−3 at z < 1100: The photons mean free path ∝ 1/xe rapidly became much larger than the horizon ∼ cH −1 . As a result, the Universe became transparent to background photons over a narrow redshift range of 200 or less. Photons then propagated freely as long as galaxies and quasars did not reionize the Universe (but by then the density would have fallen enough that only a small fraction was rescattered). We therefore observe a thin shell around us, the last scattering “surface” (LSS in short) where the overwhelming majority of photons last interacted with baryonic matter, at a redshift of 1100, when the Universe was less than 400 000 years old. The anisotropies of the CMB are therefore the imprint
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Figure 4.2 The expected shape of the angular power spectrum of the temperature anisotropies, C( ) (times 2 to give the logarithmic contribution of each scale to the variance). (a) Relative contributions; it has been assumed that only scalar fluctuations are present. The plot is in log–log coordinates. (b) As time progresses, larger and larger fluctuations start oscillating and leave their characteristic imprint on the spectrum (reprinted from [13]).



of the fluctuations as they were at that time (but for a small correction due to the photons’ propagation through the developing Large Scale Structures). To analyze the statistical properties of the temperature anisotropies, we can either compute the angular correlation function of the temperature contrast δT , or the angular power spectrum C( ), which is its spherical harmonics transform (in practice, one transforms the δT pattern in a( , m) modes and sums over m at each multipole since the pattern should be isotropic, at least for the trivial topology, in the absence of noise). A given multipole corresponds to an angular scale θ ∼ 180◦ / . These two-point statistics completely characterize a Gaussian field. Figure 4.2(a) shows the expected C( ) shape in the context we have described above. This specific shape of the C( ) arises from the interplay of several phenomena. The most important is the so-called “Sachs–Wolfe effect” [16], which is the energy loss of photons that must “climb out” of gravitational potential wells at the LSS (ultimately to reach us to be observed), an effect that superimposes on the intrinsic temperature fluctuations (we therefore observe an effective temperature that sums this effect, of opposite sign for adiabatic initial conditions where every component [ γ , baryons, CDM . . .] is perturbed simultaneously). Figure 4.2(b) gives a pictorial view of the temporal development of primordial fluctuations at different scales (top) and how the state of fluctuations translates at recombination in the power spectrum of CMB fluctuations (bottom).
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Figure 4.3 Temporal evolution of the effective temperature, which sums the effects (of opposite sign) of the intrinsic temperature and of the Newtonian potential fluctuations (for R = ( p B + ρ B )/( pγ + ργ ) = cste). (a) Amplitude. Note the zero point displacement, which leads to a relative enhancement of compressions. (b) rms showing the enhanced odd-numbered peaks. Reprinted from [10].



Since the density contrasts of these (scalar) fluctuations is very weak, one can perform a linear analysis and study each Fourier mode independently (the effect of the primordial spectrum will thus simply be to weight the various modes in the final C( )). Figure 4.3 shows the (approximate) temporal evolution of the amplitude of different Fourier modes. Gravity tends to enhance the contrast, the (mostly photonic) pressure resists and at some points stops the collapse that bounces back, and expands before recollapsing. This leads to acoustic oscillations, on scales small enough that the pressure can be effective, i.e., for k > k A , where the acoustic scale k A is set by the inverse of the distance traveled at the speed sound of at the time η considered. On scales larger than the sound horizon (k < k A ∝ 1/(c S η )), the initial contrast is simply amplified. At k = k A the amplification is maximal, while at k = 2k A it has time to bounce back fully. More generally, the odd-multiples of k A are at maximal compression, while this is the opposite for the even multiples of k A . One should note the displacement of the zero point of the oscillations, which results from the inertia that baryons bring to the fluid. The rms of the modes amplitude (right plot) therefore show a relative enhancement of the odd (compression) peaks versus the even (rarefaction) ones, this enhancement being directly proportional to the quantity of baryons, i.e.,  B h 2 , where h stands for the Hubble ˙ “constant,” H = a/a, in units of 100 km s−1 Mpc−1 (today h 0 = 0.72 ± 0.05). Note that since  X stands for the ratio of the density of X to the critical density
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(such that the Universe is spatially flat), and since that critical density decreases with time as h −2 ,  X h 2 is indeed proportional to the physical density of X . Let us assume that the LSS transition from opaque to transparent is instantaneous, at η = η . What we would see then should just be the direct image of these standing waves on the LSS; one therefore expects a series of peaks at multipoles A = k A × D , where D is the angular distance to the LSS, which depends on the geometry of the space-time. Of course a given k contributes to some range in (when k is perpendicular to the line of sight, it contributes to lower than when it is not), but this smearing is rather limited. The dependence of the acoustic angular scale A on geometry and speed of sound leads to its dependence on the values of three cosmological parameters. One finds for instance   B h 2  M h 2 A  −1.1 + 0.07 − 0.24



A  M h2 B h2



(1)



around a flat model  = 1 with 15% of matter ( M h 2 = 0.15) and 2% of baryons [10]. Note that this information on the peaks’ positions (and in particular that of the first one) is mostly dependent on the total value of  (geometry), with some weaker dependence on the matter content  M h 2 , and an even weaker one on the baryonic density. Concerning the latter, as already mentioned, baryons increase the inertia of the baryon–photon fluid and shifts the zero point of the oscillations. A larger baryonic density tends to increase the contrast between odd and even peaks; one can therefore use this contrast-in-height information as a baryometer. The influence of dark matter is more indirect. By increasing its quantity, one increases the total matter density and advances the time when matter comes to dominate the energy density of the Universe. This changes the duration of time spent in the radiation and matter dominated phase, which may have different growth rates. The net effect is to decrease globally the first peak’s amplitude when the matter content increases (in addition to the small shift in scale due to the variation of A already noted above). The effect on the power spectrum peaks of all the matter is thus rather different from that of the baryonic component alone. Therefore the shape of the spectrum is sensitive to both separately. This suggests that degeneracies in the effect of these three parameters (,  M h 2 ,  B h 2 ) can be lifted with sufficiently accurate CMB measurements, a statement that more detailed analyses confirm. The reader in a hurry can skip to the conclusion of this section as I now turn to describing other effects that must be taken into account to understand fully the shape of the power spectrum. Since the fluid is oscillating, there is also a Doppler effect in the k direction (dashed line in Figure 4.2(a)), which is zero at the acoustic peaks and maximal in between. This effect adds in quadrature to the Sachs–Wolfe effect considered so far. Indeed, imagine an acoustic wave with k
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perpendicular to the line of sight, we see no Doppler effect, while for a k parallel to the line of sight, the Doppler effect is maximal and the Sachs–Wolfe effect is null. This smoothes out the peak and trough structure, although not completely since the Doppler effect is somewhat weaker than the SW effect (by an amount ∝  B h 2 ). Therefore an increase in the baryonic abundance also increases the peak–trough contrast (in addition to the odd–even peak contrast). So far we considered the fluid as perfect and the transition to transparence as instantaneous, none of which is exactly true. Photons scattered by electrons through Thomson scattering in the baryons–photons fluid perform a random walk and diffuse away proportionally to the square root of the time (in comoving coordinates, which remove the effect of expansion). Being much more numerous than the electrons by a factor of a few billion, they drag the electrons with them (which by collisions in turn drag the protons). Therefore all fluctuations smaller than the diffusion scale are severely damped. This so-called Silk damping is enhanced by the rapid increase of this diffusion scale during the rapid but not instantaneous combination of electrons and protons that leads to the transparence. As a result of the finite thickness of the LSS and the imperfection of the fluid, there is an exponential cut-off of the large- part of the angular power spectrum. As a result, there is not much primordial pattern to observe at scales smaller than ∼ 5 . After recombination, photons must travel through the developing large scale structures to reach the observer. They can lose energy by having to climb out of potential wells that are deeper than when they fell in (depending on the rate of growth of structures, which depends in turn on the cosmological census). Of course the reciprocal is also true, i.e., they can gain energy from forming voids. These tend to cancel at small scale since the observer only sees the integrated effect along the line of sight. The dotted line of Figure 4.2 shows the typical shape of that Integrated Sachs-Wolfe (ISW) contribution. The ISW is anti-correlated with the Sachs-Wolfe effect, so that the total power spectrum C( ) is in fact a bit smaller than the sum of each spectrum taken separately. Finally, other small secondary fluctuations might also leave their imprint, like the lensing of the LSS pattern by the intervening structures, which slightly smoothes the spectrum. But that can be predicted accurately too. And in fact the smoothing kernel dependence on cosmological parameters introduces small effects that may help in reducing some residual degeneracies between the effect of parameters on the power spectrum shape. Other secondary effects, imprinted after recombination, are generally much weaker (at scales > 5 ). For instance, the Rees–Sciama effect [15] (a non-linear version of the ISW) generates temperature fluctuations, with amplitudes of about a few 10−7 to 10−6 ; its amplitude is maximum for scales between 10 and 40 arc minutes [17]. At the degree scale, this contribution is only of the order of 0.01 to 0.1%



56



Current Issues in Cosmology



of the primary CMB power. The inverse Compton scattering of the CMB photons on the free electrons of hot intra-cluster gas produces the Sunyaev and Zel’dovich (SZ) effect [19, 20]). This effect has a specific spectral signature that should allow it to be separated, at least in sufficiently sensitive multi-frequency experiments. But the motion along the line of sight of clusters induces a first order Doppler effect, usually called the Kinetic Sunyaev–Zel’dovich effect, which is a true source of temperature fluctuation, albeit rather weak (the rms cluster velocity is ∼ 10−3 c) and in the specific direction of clusters. A similar effect, the Ostriker–Vishniac effect [14, 22], arises from the correlations of the density and velocity perturbations along the line of sight, when the Universe is totally ionized. The corresponding anisotropies are at the few-arc-minute scale and their amplitudes depend much on the ionization history of the Universe [7, 11]). However, they remain smaller than the primary anisotropies for < 2000. This type of Doppler effect can in fact happen in all sorts of objects containing ionized gas, such as expanding shells around the sources that reionized the Universe [2, 9, 12, 13]), or primordial galaxies hosting super-massive black holes [1], but the relevant angular scales are rather in the arc second range or smaller. This does not hold true however for various foreground emissions, such as those of our own Galaxy. But as for the Sunyaev-Zel’dovich effect, one can use multi-frequency observations to separate them out rather well. In summary, the seeds of large scale structures must have left an imprint on the CMB, and the statistical characteristics of that imprint can be precisely predicted as a function of the properties of the primordial fluctuations and of the homogeneous Universe. Reciprocally, we can use measurements of the anisotropies to constrain those properties.



3 Observations of CMB anisotropies The first clear detection of CMB anisotropies was made in 1992 by the DMR experiment aboard the COBE satellite orbiting the Earth with the DMR instrument (and soon afterwards by FIRS), with a ten degree (effective) beam and a signal to noise per pixel of around 1. This led to a clear detection of the large scale, low- , Sachs–Wolfe effect, the flatness of the curve (see Fig. 4.4(a)) indicating that the logarithmic slope of the primordial power spectrum, n S , could not be far from 1. The ∼30 µK height of the plateau gave a direct estimate of the normalization of the spectrum, A S (assuming the simplest theoretical framework, without any possible direct checks of the other predictions given the data). In the next four years (Fig 4.4(a)), a number of experiments started to suggest an increase of power around the degree scale, i.e., at ∼ 200. As shown by Fig. 4.4(b), by 1999 there was a clear indication from many experiments taken



(a)



(c)



Figure 4.4 Successive measurements of the power spectrum. (a) Shows all published detection at the end of 1996, while (b) is an update at the end of 1999. (c) Shows the two results published in May 2000 by the BOOMERanG and MAXIMA teams (with each curve moved by + or −1 σ of its respective calibration).
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Figure 4.5 (a) The WMAP maps at each frequency, which shows in particular the varying strength of the galactic emissions according to frequency, and in the bottom right an icon illustrating that this information is merged to extract an estimate of the CMB part. (b) The deduced map of the anisotropies compared with the previous one from the COBE satellite. Source NASA/WMAP Science Team.



together that a first peak had been detected. But neither the height nor the location of that peak could be determined precisely, in particular in view of the relative calibration uncertainties (and possible residual systematics errors). That situation changed in May 2000 when the BOOMERanG and Maxima collaborations both announced a rather precise detection of the power spectrum from



∼ 50 to ∼ 600 . That brought a clear determination of the first peak around an of 220 (see panel (c)), with the immediate implications that  had to be close to 1. This result had considerable resonance since it clearly indicated, after decades of intensive work, that the spatial geometry of the Universe is close to flat, with of course the imprecision due to the poor determination of the other parameters, which also have an influence, albeit weaker, on the position of that peak (see Equation (1)). As recalled earlier, a crucial prediction of the simplest adiabatic scenario is the existence of a series of acoustic peaks whose relative contrast between the odd and even ones gives a rather direct handle on the baryonic abundance. In addition, one expects to see the damping tail at larger . All of these have now been established by the DASI 2001 experiment, an improved analysis of BOOMERanG, and in particular by the release in May of 2002 of the VSA and CBI results. In addition the Archeops experiment at the end of gave 2002 a quite precise determination of the low- part of the spectrum. Panel (c) of Fig. 4.4 shows a co-analysis performed by
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Figure 4.6 (a) Shows the successive constraints in the k = 1 − ,  , n S , ω B =  B h 2 versus ωc = C D M h 2 cuts in the global parameter space fitted to the C( ) successive data, using COBE/DMR in all cases. The line coding is the following: CBI = black, VSA = (outer) dotted, Archeops = light gray, ACBAR = dark gray, Ruhl cut for BOOMERanG = mid gray. The gray shaded area in the top left panel corresponds to Acbar + Archeops + Ruhl + DASI + Maxima + VSA + CBI. The interior dotted line is all of the above + WMAP with no prior on τ , while black is with a τ prior motivated by their “model independent” result from the TE analysis (it is broader than a 0.16 ± 0.04 Gaussian) (Courtesy D. Bond). (b) Is explained in the text. Reproduced from [21].



D. Bond of all results obtained up to the end of 2002, as well as the recent determination by the WMAP satellite. Clearly all the pre-WMAP ground experiments had done quite a wonderful job at pinning down the shape of the temperature spectra. This panel also shows the spectrum as we know it today, when all experimental results are analyzed together. Figure 4.6(a) shows the constraints successively posed by these CMB experiments on some of the parameters of the model, using only weak bounds arising from other cosmological studies. These bounds state that the current Hubble “constant,” H0 = 100h −1 km s−1 Mpc−1 , has to have a value between 45 and 90 km s−1 Mpc−1 , that the age of the Universe has to be greater than 10 billion years, and that the matter density is larger than 1/10 of the critical density, all of which can be considered as very well established (if for instance the Universe has to be older than its oldest stars!). The top left panel shows that indeed the curvature term k = 1 −  has to be close to zero. The panel on the right shows that  and ωc = C D M h 2 are not
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well determined independently of each other by single experiments. This simply reflects the fact that the C( ) global pattern scales by the angular distance (recall



A = k A D ), which is determined by the geometry (i.e.,  =  + C D M (+ B )), while the data are not precise enough to uncover the subtler effects (sound speed, lensing . . .) that break that degeneracy. But this degeneracy was lifted by the co-analysis, even before WMAP, and independently of the supernovae result . . . The bottom left panel lends support to the n s = 1 hypothesis. Many inflationary models suggest values of n s slightly lower than one (and even departures from a pure power law), but the data are not yet good enough to address these questions convincingly. Completing the census, the bottom right panel shows the contours in the ωb – ωc plane. The CMB determination turns out to be in excellent agreement with the constraints from primordial nucleosynthesis calculations, which yield ωb =  B h 2 = 0.019 ± 0.002. Figure 4.6 (b) displays the current determination (points with error bars) of the power spectrum of CMB temperature anisotropies from WMAP and other experiments (top), that of the cross-correlation between the temperature and the (E-part of) polarization from WMAP alone), while the data points at the bottom give the matter power spectrum measured around us with the Sloan Digital Sky Survey. This plot therefore summarizes our current statistical knowledge of fluctuations, at times separated by about thirteen billion years. The light gray, mid gray, and dark gray regions show the result of a fit on the CMB data alone using, respectively a 12, 10, 7 parameter model. In all cases, the predicted range for the matter power spectrum (measured about 13 billions years later) is in excellent agreement with the prediction from the CMB. The minimal 7 parameters model includes (τ,  , ω B , ωc , A S , n s , b) (b accounts for a possible biasing of light versus mass). The model with 10 parameters allows in addition for a non-flat Universe (tot = 1), with a tensorial contribution ( A T = 0), and a running spectral index (i.e., d ln n s /d ln k = 0), while the maximal 12 parameter model further allows for a non-zero contribution from massive neutrinos, as well as a vacuum energy with a non-standard equation of state ( p = wρ, with w = −1). This shows that there is no need in the data for a more exotic model than the current, minimal concordance model with 7 parameters. Since the CMB and the large scale distribution of galaxies agree, we can additionally co-analyze these spectra, which yields the blue region. It turns out that the corresponding values of the parameters, which are rather tightly constrained, agree with the inference on the baryonic abundance from nucleosynthesis, the value of the Hubble constant derived by the Hubble key project, and the total mass density inferred for instance from gravitational lensing studies. This network of independent evidence giving a consistent view is rather convincing.
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In summary, many of the theoretical predictions corresponding to the simplest scenario for the generation of initial conditions (Gaussian statistics, adiabatic modes, negligible tensorial contribution, a scale invariant power spectrum) in a flat Universe dominated by dark energy and cold dark matter have now been detected, from the Sachs–Wolfe plateau, to the series of peaks starting at  220, to the damping tail, together with a first detection of the CMB polarization at the expected level. The derived parameters are consistent with the various constraints from other cosmological probes and there are no glaring signs of inconsistencies. This was in fact in place before the WMAP results, but it is remarkable that adding WMAP essentially zooms in onto the expected values, bringing now further support to the model and its parameters, as recalled in Section 1. 4 Perspectives Cosmology therefore has a great concordance model, based on a minimal 7 (8) parameters set (, C D M ,  B , H, τ, (b) to describe the global evolution, and n S , A S to describe the initial conditions, b to describe a possible light versus mass bias), which fits quite well all (multiple and partially independent) observational evidence. But it might be too early to consider that we have definitively established the standard cosmological model, corroborated by many independent probes. In order to check the strength of the edifice, let us for instance consider what it takes to stick to a simpler Einstein–de Sitter model (EdS, with Matter = 1,  = 0) with no dark energy. As a matter of fact, Blanchard et al. find in [5] a great fit to the currently measured C( ) and a quite reasonable one to the P(k), provided they assume that (1) initial conditions are not scale invariant (the authors consider an initial spectrum with 2 slopes) and (2) there exists a non-clustering component x = 0.12, both of which are quite possible. The supernovae data would then be the only source of independent evidence for a non-zero  , and many would question accepting the existence of such a theoretically unsettling component on that basis. But this particular Einstein–de Sitter model does require also that H0 ∼ 46 km s−1 Mpc−1 . This would require in turn that the HST measurement of H0 = 72 ± 8 km s−1 Mpc−1 be completely dominated by an as-yet unknown systematics effect, which most cosmologists are not ready to accept easily. Accepting this model would thus require discarding two independent lines of evidence. In addition we may now have some rather direct evidence of the presence of dark energy (meaning here  = 0). Indeed, Bough and Crittenden [5] and Fosalba and Gaztanaga [7] found a significant cross-correlation between the CMB anisotropies measured by WMAP and various tracers of Large Scale Structures. This was anticipated since the evolution of potential wells associated to developing Large Scale Structures when CMB photons travel through them generally leaves an imprint,
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which we have already described, the Integrated Sachs–Wolfe effect (ISW). This imprint must of course be correlated with tracers of LSS. It is interesting to note that, in the EdS model, gravitational potential wells are linearly conserved in the matter era, in which case no correlation should be found. Instead Bough and Crittenden [5] found a non-zero value at the 2.4 to 2.8 σ level at zero lag of the cross-correlation function of the WMAP map data with the hard X-ray background measured by the HEAO-1 satellite. They also found a somewhat less significant correlation (at the 1.8 to 2.3 σ level) with an independent tracer, the radio counts from the NVSS catalog. Fosalba and Gaztanaga [7] used instead the APM galaxy catalog to build the (projected) density field by smoothing at 5.0◦ and 0.7◦ resolution and they also found a substantial cross-correlation . . . While these detections may not yet be at a satisfactory level of significance for such an important implication, it does bring a third line of evidence against the model proposed in [5]. Let us therefore assume that this concordance model offers at least a good firstorder description of the Universe. Still, deviations from this minimal description remain quite possible and interesting. One possibility much debated recently is that what appears to be the manifestation of a cosmological constant is rather a dynamical entity, for instance a quintessence field with an equation of state where the pressure to density ratio is equal to w(z) (the cosmological constant corresponding to the case w = −1). Another possibility concerns a small contribution from massive neutrinos. In both cases better CMB data might help determine these effects (as well as many others, not even mentionned so far, like an isocurvature initial contribution, or one from various topological defects, or deviations from standard gravity). The domain where most progress is expected and eagerly awaited concerns the characterization of initial conditions and its implications for physics of the early Universe. 5 Conclusions Measurements of the CMB are unique in the ensemble of astrophysical observations that are used to constrain cosmological models. They have the same character as fundamental physics experiments; they relate fundamental physical parameters describing our world to well-specified signatures, which can be predicted beforehand with great accuracy. The knowledge of CMB anisotropies has literally exploded in the last decade, since their momentous discovery in 1992 by the DMR experiment on the COBE satellite. Since then, the global shape of the spectrum has been uncovered thanks to many ground and balloon experiments and most recently the WMAP satellite, so far confirming the simplest inflationary model and helping shape our surprising view of the Universe: spatially flat, and dominated by dark energy (or ) and cold
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Discussion Q: J. SULENTIC: Are the 2–3 sigma (possible) correlations between the CMB fluctuations and radio, X-ray, and galaxy clusters related? Are they a potential problem for the concordance model? Assuming the answer to the last question is “no” would this become a problem if the significance rose to 5+ sigma and they could be attributed to a specific class or classes of low-z sources? A: F. B.: The propagation of CMB photons through the evolving gravitational potential of the large scale matter distribution is generically expected to leave an imprint, since the potential wells of a forming condensation might be deeper when the photon has to get out of it than when it fell in. One thus expects a redshift for photons emerging of such condensations and, reciprocally, a blueshift is anticipated for photons going through very large developing voids. The ensuing correlation of the CMB anisotropies with the density field revealed by any population tracing the large scale matter distribution (radio, X-ray, galaxy clusters, galaxies, etc.) has long been predicted (the one exception is for a flat Universe with only matter, a case currently excluded). As I mentioned in my talk, recent analyses do find such a correlation with various populations, at a level consistent with expectations, albeit at a rather low statistical significance due to the limitations of the current data (but see below, the answer to F. Bernardeau). Therefore these detections are currently rather a reinforcement of the concordance model than a problem. For the second part of the question, see the answer below to A. Blanchard.



CMB observations and consequences



65



Q: A. BLANCHARD: Maybe a similar question would be what if you find a significant correlation, which is not at the level expected from the ISW in a concordance model? A: F. B.: Then three possibilities arise: (1) the data are misunderstood (or subject to undetected/unforeseen systematic effect), (2) we do not understand how the density field of the “tracer” population is related to the underlying matter field, or (3) there is something wrong in the model. Taking care of the first case (i.e., excluding that possibility) amounts to accumulating many well-controlled observational probes, till the case is rock solid. In the second case, the “culprit” is, as was so many times the case, the complicated astrophysics that is needed to relate the mass distribution with that of light, and the art of cosmology is to try finding those crucial probes where the link is simplest (like CMB or lensing observation). In the third case, either this can be fixed by simple variations on the model (varying somewhat the values of the parameters, introducing a minor extra component, like a small fraction of hot dark matter), or we found a substantial flaw. An example would be to have a relationship between the physics of dark matter and dark energy resulting in a hidden relation that must be obeyed but is not enforced in the analysis (enforcing it might change the conclusions of our adjustments). It might also be even more exciting, like the smoking gun of totally new physics (e.g., deviations from general relativity). All cosmologists are hoping to find definite evidence for physics beyond the current model. But past history has shown that before doing that, one must spend a lot of energy on studying the more conventional explanations (misunderstood data, complicated astrophysical interpretation) before claiming a revolution is needed. Still the quality of the data and analyses has so much improved that it might be around the corner. Q: F. BERNARDEAU: Are there any hopes of improving the significance of the LSS-CMB correlations due to the ISW effect? With larger or deeper galaxy surveys, or with CMB polarization? A: F. B.: Yes, but this will neither be easy, nor fast (NB: LSS = Large Scale Structures). The ISW signal is at large scale, θ > 2◦ or l◦ < 100. It arises from the contribution of different redshift ranges. To be more specific, in the concordance model, one finds that the dominant contributions come from the (observationally rather large) redshift range [0, 1.5], with a maximum around 0.5 (when dark energy becomes a sizable effect in current models). Note that on such large scales, the current CMB data from WMAP are essentially noise-free, and cover nearly all the sky. Thus no progress
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is to be anticipated from improvements in the measurements of the temperature field of the CMB. On the other hand, low-z surveys can be vastly improved. For a Lambda CDM (concordance) model, a perfect survey could yield a signal-to-noise ratio S/N = 7.5 (S/N =  CtT (l)2 / CtT (l)2 ,where CtT (l) is the angular correlation function of the tracer field t with the temperature field T). Note that CtT (l)2 is inversely proportional to the fraction of the sky fsky where the correlation can be computed, i.e., S/N ∝ fsky . If we think of the best present galaxy survey, the SDSS covers “only” of the sky, in a effective depth z of only ∼0.1, with non-negligible Poisson sampling noise, which, as I showed, results in a S/N ∼3. It will not be easy to do much better soon, but it is doable and will probably be done. Indeed an already rather ambitious all-sky galaxy survey with about 10 million galaxies uniformly distributed between z = 0 and 1 will yield an S/N of about 5 (see e.g., astroph/0401166). For polarization, the situation is different, since the CMB signal is much smaller, and we do not yet have any map. But Planck should allow having a sufficiently low noise on the E field determination at large scales to much reduce the limitation coming from the errors on the CMB, therefore providing the possibility of an independent check. Q: D. ROSCOE: The mass densities at the centers of galaxies are poorly predicted by theories involving dark matter. Suppose that the estimated mass densities in galactic centers were used as tight constraints, what would then be the effect on the concordance model? A: F. B.: If it turns out that modifications are indeed required by the data, there is a very wide range of possible explanations (see the general answer to A. Blanchard), and foremost that baryonic physics is not fully understood. One further possibility is to suppose minor modifications of the properties of the dark matter, which can alter the density profiles at small scale (e.g., auto-interactions) without altering any of the success of the concordance model at larger scales (CMB, lensing, Large Scale Structures, nucleosynthesis, etc.). Future tasks in cosmology are precisely to see whether we can convincingly exclude such possibilities and deduce that modification of the concordance model or the theory of gravity is requested from the data. Q: J.-C. PECKER: (1) Is not H a very badly defined quantity? i) It is basically an “average” over the distance d. H is indeed H o d ii) We have shown earlier that H indeed is decreasing with d from 100 or so to 50 or so.
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(2) You derived four components of the fluctuations of the CMB, as observed at five frequencies. How unique is that decomposition in four components? What I would like to see is the spectrum f (λ) for each of the pixels of the image. In other terms, how well are the five images calibrated in intensity? A: F. B.: (1) Of course H needs be defined by an average over a sufficiently large volume that we can rest assured that local measurements are not simple (local) statistical fluctuations.1 The recent supernovae measurements show an amazingly tight linear relation of the distance modulus with redshift till2 z ∼0.1 (v ∼30 000 km s−1 Mpc−1 , and thus a scale ∼300 h−1 Mpc). The largest voids in the galaxy distribution are rather at the ∼100 h−1 Mpc, which strongly suggest we now probe scales sufficiently large that we have a (statistically) fair measurement. It is interesting to note that these local measurements are in good agreement with the results from model adjustment on the CMB measurements. (2) The issue of component separation (of the CMB from foreground emission) is indeed very central to all CMB analysis. From that point of view, it is interesting to note that Archeops finds a consistent CMB sky with that of WMAP, but at a higher frequency.3 Still, there is much debate in the CMB community on the issue of the accuracy of the process, i.e., what are the residuals from the separation (and how that propagates in the final error budget on, say, cosmological parameters). I personally would not be surprised if some of the precise numbers given by the WMAP team (including in particular the optical depth τ ) turn out to be substantially revised after more careful work is performed (involving more templates obtained at other frequencies). But I do not expect radically new conclusions (except maybe for the value of τ ). The general scientific community had the WMAP map available for about a year, and many people are currently working on that very topic in an attempt to challenge the WMAP team conclusions. Time will tell. Parenthetically, the Planck satellite that we are building (to be launched in 2007) will have nine frequency bands. Q: J. V. NARLIKAR: (1) How do you quantify the level of polarization? Is it in terms of intensity ratios (of polarized to unpolarized radiation)? 1



2



3



Parenthetically, one also needs the average to be defined, i.e., we need our Universe not to be a certain type of fractal. For that matter the CMB homogeneity, and in particular the weakness of the Sachs–Wolfe effect, ∼10−4 is an extremely good large-scale safeguard. Data are of course available up to a much larger z ∼ 1, but at these larger distances, one anticipates seeing the (very weak) effect of expansion, as is indeed the case. The most recent analysis even shows the change from a decelerating to an accelerating phase as expected from dark energy. Additionally, one should bear in mind that the FIRAS instrument aboard COBE measured the spectrum of the sky with a 7◦ beam, but the precision did not allow measuring directly the spectrum of the fluctuations. Still, the correlations with the fluctuations first detected by the DMR instrument (aboard the same satellite) were found to be consistent.
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(2) Your concluding values of cosmological parameters in terms of assumed scenarios like Lambda CDM, etc., were very precise. Are they disprovable by direct observations? E.g., if tomorrow it gets accepted by astronomers that H0 = 55 ± 5 km s−1 Mpc−1 , will it disprove today’s most likely scenarios? A: F. B.: I quoted numbers with errors bars as given by current analyses, but my conclusions were not concerning those precise values, which in my view can, and probably will, be somewhat revised. But I did conclude that the cosmogony paradigm was quite robust and consistent, and that the evidence is robust for a model with  ∼ 1/4 in cold dark matter and  ∼ 3/4 for something smoothly distributed and slowly evolving (adding up to a total  ∼ 1, i.e., a close-to-flat spatial geometry), with initial fluctuations mostly adiabatic and close to scale invariant. This is certainly disprovable by observations. And indeed extremely large observational efforts are currently underway to challenge these conclusions, by increasing the accuracy and the control of systematics in experiments that probe different scales in time and space (which also allows challenging general relativity). In particular, supernovae and weak lensing surveys derive constraints from the local Universe, and are fast improving (with ambitious space projects currently in the design for ∼2015–2020), while the CMB anisotropies measurements are poised to improve enormously with the results (in ∼2010) of the Planck satellite (and a possible successor devoted specifically to polarization in ∼2015–2020?). Large Scale Structure surveys (post-SDSS) are also in the planning. We therefore will soon have (again) great opportunities to falsify (or consolidate) the current model by checking whether consistency between different probes remains, when the accuracy is increased by factors of 10, and when new predicted phenomena will be within reach (like the lensing of the CMB by LSS). And maybe we will be lucky enough to find something compelling in the data that will again force us to accept new views on our Universe and the underlying physics.
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Abstract An overview of the standard model of big bang nucleosynthesis (BBN) in the post-WMAP era is presented. In this context, the theoretical prediction for the abundances of D, 3 He, 4 He, and 7 Li is discussed. The observational determination of the light nuclides is also discussed. While, the D and 4 He observations are concordant with BBN predictions, 7 Li remains discrepant with the CMB-preferred baryon density and possible explanations are reviewed. The standard model [1] of big bang nucleosynthesis (BBN) is based on an extended nuclear network in a homogeneous and isotropic cosmology. Apart from the input nuclear cross sections, the theory contains only a single parameter, namely the baryon-to-photon ratio, η ≡ n B /n γ . The theory then allows one to make predictions (with specified uncertainties) of the abundances of the light elements, D, 3 He, 4 He, and 7 Li. There have been many improvements over the last few years in the state of the theory, particularly in the treatment of the nuclear cross-sections. However, perhaps the most important new input is the WMAP determination of the baryon density [2],  B h 2 , or equivalently η. Thus one is now able to make very precise predictions of the light element isotopes, which can be individually compared with observation [3]. The predictions span some nine orders of magnitude in abundance. The major uncertainties in BBN calculations come from the thermonuclear reaction rates. There are 11 key strong rates (as well as the neutron lifetime) that dominate the uncertainty budget [4, 5]. Recently the input nuclear data have been carefully reassessed [4–7], leading to improved precision in the abundance predictions. The NACRE collaboration presented a larger focus nuclear compilation [6]. In an attempt to increase the rigor of the NACRE errors, we reanalyzed [4] the data using NACRE cross-section fits defining a “sample variance,” which takes into account systematic differences 69
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Figure 5.1 The predictions of standard BBN [4], with thermonuclear rates based on the NACRE compilation [6]. (a) Primordial abundances as a function of the baryon-to-photon ratio η. The lines give the mean values, and the surrounding bands give the 1σ uncertainties. (b) The 1σ abundance uncertainties, expressed as a fraction of the mean value µ for each η.



between data sets. For example, notable improvements include a reduction in the uncertainty in the rate for 3 He (n, p)T from 10% to 3.5% and for T (α, γ )7 Li from ∼23 − 30% to ∼4%. Since then, new data and techniques have become available, motivating new compilations. The resulting elemental abundances predicted by standard BBN are shown in Fig. 5.1 as a function of η [4]. The left plot shows the abundance of 4 He by mass, Y , and the abundances of the other three isotopes by number. The curves indicate the central predictions from BBN, while the bands correspond to the uncertainty in the predicted abundances. This theoretical uncertainty is shown explicitly in the right panel as a function of η. With the increased precision of microwave background anisotropy measurements, it is now possible to use the the CMB to determine independently the baryon density. Allowing for a “running” spectral index lowers the WMAP determination of η. It is [2] η10 = 6.14 ± 0.25. Equivalently, this can be stated as the allowed range for the baryon mass density today expressed as a fraction of the critical density:
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 B = ρ B /ρcrit  η10 h −2 /274 = (0.0224 ± 0.0009)h −2 , where h ≡ H0 /100 km s −1 Mpc −1 is the present Hubble parameter. Within the context of the Standard Model (i.e., with Nν = 3), BBN becomes a zero-parameter theory, and the light element predictions are completely determined to within the uncertainties in ηCMB and the BBN theoretical errors. Comparison with light element observations can then be used to restate the test of BBN–CMB consistency, or to turn the problem around and test the astrophysics of post-BBN light element evolution [8]. In recent years, high-resolution spectra have revealed the presence of D in highredshift, low-metallicity quasar absorption systems (QAS), via its isotope-shifted Lyman- α absorption. It is believed that there are no astrophysical sources of deuterium [9], so any measurement of D/H provides a lower limit to primordial D/H and thus an upper limit on η; for example, the local interstellar value of D/H = (1.5 ± 0.1) × 10−5 [10] requires that η10 ≤ 9. In fact, local interstellar D may have been depleted by a factor of 2 or more due to stellar processing; however, for the high-redshift systems, conventional models of galactic nucleosynthesis (chemical evolution) do not predict significant D/H depletion [11]. The five most precise observations of deuterium [12] in QAS give D/H = (2.78 ± 0.29) × 10−5 , where the error is statistical only. Inspection of the data shown in the figure clearly indicates the need for concern over systematic errors. We thus conservatively bracket the observed values with a range D/H = 2–5 × 10−5 , which corresponds to a range in η10 of 4–8, which easily brackets the CMB determined value. Using the WMAP value for the baryon density the primordial D/H abundance −5 is predicted to be [4, 7] (D/H) p = 2.55+0.21 −0.20 × 10 . As one can see, this value is in very good agreement with the observational value. We observe 4 He in clouds of ionized hydrogen (HII regions), the most metalpoor of which are in dwarf galaxies. There is now a large body of data on 4 He and CNO in these systems [13]. 4 He abundance determinations depend on a number of physical parameters associated with the HII region in addition to the overall intensity of the He emission line. These include the temperature, electron density, optical depth, and degree of underlying absorption. The question of systematic uncertainties was addressed in some detail in [14]. It was shown that there exist severe degeneracies inherent in the self-consistent method, particularly when the effects of underlying absorption are taken into account. Recently a careful study of the systematic uncertainties in 4 He, particularly the role of underlying absorption, has led to a higher value for the primordial abundance of 4 He [15]. Using a subset of the highest quality from the data of Izotov and Thuan [13], all of the physical parameters listed above including the 4 He abundance



72



Current Issues in Cosmology .27



.26



Yp



Y



.25



.24



.23 IT 98 OS04 Re–analysis



.22



0



2 .



4 .



6 .



8 .



1



O/H x 104 Figure 5.2 A comparison of the results for the best targets [13] and a re-analysis of the spectra for those targets [15].



were determined self-consistently with Monte Carlo methods [14]. Note that the 4 He abundances are systematically higher, and the uncertainties are several times larger than quoted in [13]. In fact this study has shown that the determined value of Y p is highly sensitive to the method of analysis used. The result is shown in Fig. 5.2 together with a comparison of the previous result. The extrapolated 4 He abundance was determined to be Y p = 0.2495 ± 0.0092. The value of η corresponding to this abundance is η10 = 6.9+11.8 −4.0 and clearly overlaps with ηC M B . Conservatively, it would be difficult at this time to exclude any value of Y p inside the range 0.232−0.258. At the WMAP value for η, the 4 He abundance is predicted to be [4, 7] Y p = 0.2485 ± 0.0005. The systems best suited for Li observations are metal-poor halo stars in our galaxy. Observations have long shown [16] that Li does not vary significantly in < 1/30 of solar – the “Spite plateau.” Recent precision Pop II stars with metallicities ∼ data suggest a small but significant correlation between Li and Fe [17], which can be understood as the result of Li production from Galactic cosmic rays [18]. Extrapolating to zero metallicity one arrives at a primordial value [19] Li/H| p = (1.23+0.34 −0.16 ) × 10−10 .
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Figure 5.3 Primordial light element abundances as predicted by BBN and WMAP (dark shaded regions) [24]. Different observational assessments of primordial abundances are plotted as follows: (a) the light shaded region shows D/H = (2.78 ± 0.29) × 10−5 ; (b) the light shaded region shows Y p = 0.249 ± 0.009; −10 (c) the light shaded region shows 7 Li/H = 1.23+0.34 , while the dashed −0.16 × 10 7 −10 curve shows Li/H = (2.19 ± 0.28) × 10 .



Recent data [20] with temperatures based on H α lines (considered to give systematically high temperatures) yields 7 Li/H = (2.19 ± 0.28) × 10−10 . These results are based on a globular cluster sample (NGC 6397). This result is consistent with previous Li measurements of the same cluster, which gave 7 Li/H = (1.91 ± 0.44) × 10−10 [21] and 7 Li/H = (1.69 ± 0.27) × 10−10 [22]. A related study (also of globular cluster stars) gives 7 Li/H = (2.29 ± 0.94) × 10−10 [23]. The 7 Li abundance based on the WMAP baryon density is predicted to be [4, 7] 7 −10 Li/H = 4.26+0.73 . This value is in clear contradiction with most estimates −0.60 × 10 of the primordial Li abundance. In Fig. 5.3, we show the direct comparison between the BBN predicted abundances using the WMAP value of η10 = 6.14 ± 0.25 with the observations [24]. As one can see, there is very good agreement between theory and observation for both D/H and 4 He. Of course, in the case of 4 He, concordance is almost guaranteed by the large errors associated with the observed abundance. In contrast, as was just noted above, there is a marked discrepancy in the case of 7 Li.
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Discussion Q : A. BLANCHARD : Keith, a few years ago I heard somebody claiming that the slope of the He, He/O correlation was not in good agreement with models of stellar evolution.
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A : K.O. : It has generally been true that the data for He and O/H in low metallicity dwarf galaxies has indicated a value of Y/ Z that is rather high compared with the value obtained from chemical evolution models. For example, the data of Izotov and Thuan (Ap.J., 602, 200, 2004) give values of Y/ Z in the range 3–5 (Z 220 /H). Whereas models tend to give lower values in the range 1–2, models with winds can be constructed to amplify Y/ Z; see, for example, Pilyugin (A.A., 277, 42, 1993) or Fields and Olive (Ap.J., 506, 177, 1998). In the recent analysis of the 4 He that I spoke about (Olive and Skillman, astroph/0405588), the derived slope is significantly smaller, Y/ Z 2.4 (with a large uncertainty), and should fit standard models more easily. Q : J.-C. PECKER : I just want to draw attention to the fact that abundances are basically determined (especially metallic abundances) from a single-minded theory of stellar abundances, assuming iso-optical depth surfaces to be essentially spherical. We know that this is certainly far from being true for supergiants (which dominate the spectrum of galaxies) leading to errors in the abundances of one or two orders of magnitude. A : K.O. : I certainly agree that one of the primary uncertainties in abundances derived from stellar spectra (such as 7 Li) lies in the assumed stellar models. As you mention, iron abundances in metal-poor stars often vary by as much as an order of magnitude (for the same star) depending on the observation and assumed parameters used in the stellar model. Perhaps this is the primary cause for the discrepancy in 7 Li abundances between the predicted and observationally derived values.



6 Evidence for an accelerating universe or lack of? Blanchard, A. LATT, UPS, CNRS, UMR 5572, 14 Av E. Belin 31 00 Toulouse, France



Abstract There is now a large consensus on the preferred cosmological model, which is known as the concordance model. This model relies on the introduction of a cosmological constant that represents the dominant form of energy densities in the present-day Universe. I briefly discuss the fact that from an astrophysicist point of view the evidence for a cosmological constant, although compelling, is not of sufficient robustness to consider that its existence has been demonstrated beyond reasonable doubt. I present the preliminary results of the  project, a large XMM program devoted to observing distant SHARC clusters. For the first time a measurement of the L–T evolution with XMM has been obtained. We found clear evidence for a positive evolution of the L–T relation, in agreement with most previous analysis based on ASCA and Chandra observations. Its cosmological implication is also discussed based on a new analysis of different X-ray surveys: EMSS, RDCS, MACS, SHARC, 160 deg 2 . It is found that a high matter density model fits remarkably well all these surveys, in agreement with all existing previous analyses following the same strategy. Concordance models produce far more high redshift massive clusters than observed in all existing X-ray surveys. This failure could indicate a deviation from the expected scaling of the M–T relation with redshift. However, no signature of such a possibility is found in existing data. I conclude that the properties of distant X-ray clusters as evidenced by XMM provide reliable indication in favor of an Einstein–de Sitter universe. 1 Introduction Two key observations obtained during the last ten years have led to the building of the concordance model: the detection of the Doppler peak, of which first evidence has been obtained by the Saskatoon experiment (Netterfield et al., 1995), which provided the first indication that the Universe was nearly flat (Lineweaver 76
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et al., 1997) and the Hubble diagram of distant SNIa, which provides evidence for an accelerating Universe. The observational case for these two results has gained strength over the last decade. Furthermore, the -CDM model was recognized as a satisfying description of the power spectrum of matter distribution over a large scale and consistent with the traditional M/L arguments. Furthermore, it could accommodate the value of the Hubble constant obtained by the HST. The concordance model appeared as a robustly established model. It is fair to recognize that the concordance model is actually in agreement with almost all observations that are relevant to the description of the Universe on a large scale. There is however some room for skepticism: The concordance model requires the introduction of a new component of the Universe, either in the form of a cosmological constant or in the form of quintessence, or some new gravitational physics able to produce a negative gravitational action on large scale and be the dominant contribution to the present day Universe. If true this is certainly one of the most remarkable results of modern cosmology, which is likely to have a deep impact on fundamental physics. However, I would like to emphasize that direct evidence for a non-zero cosmological constant is still weak, and that, contrary to what is generally believed, an Einstein–de Sitter Universe is still a viable option, supported by the properties of distant clusters. I will not discuss at length the weakness of evidence in favor of the concordance. The reader might have a look at Blanchard (2003) for a discussion on this issue. An updated discussion is also presented in Blanchard et al., (2003). As I mentioned, the most direct evidence for an accelerating Universe is the Hubble diagram of distant SNIa. Indeed this diagram has been interpreted as providing evidence for an acceleration phase follow by a deceleration phase (Riess et al., 2004). However, if one plots the difference of magnitude (at a given redshift) between a concordance model and an Einstein–de Sitter Universe, it is found that this quantity is nearly linear with time (see Figure 6.1). This illustrates that a (astro)physical term making a time-dependant evolution might mimic an accelerating Universe. The question of the value of matter density in the present-day Universe is generally considered as a problem essentially solved. However, although the flatness of the Universe has been established beyond reasonable doubt for almost ten years, the only direct evidence for a cosmological constant comes from the Hubble diagram of distant supernovae (and the possible detection of the cross correlation of CMB and surveys of the local matter content: Boughn & Crittenden, 2004). The WMAP signal, for instance, as well as other LSS properties of the Universe can be well reproduced in an Einstein–de Sitter model (Blanchard et al., 2003). I therefore firmly believe that further evidence in favor of the actual existence of a cosmological constant is needed before it can be regarded as an established scientific fact.
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Figure 6.1 Difference of magnitude (at a given redshift) between a concordance model and an Einstein–de Sitter universe versus time (black line). This difference is close to a linear relation (dashed line). The corresponding range in redshift is from z = 0 to z ∼ 2.



The XMM-  project (Bartlett et al., 2001) was conducted in order to provide an accurate estimation of the possible evolution of the luminosity–temperature relation at high redshift for clusters of medium luminosity, which constitute the bulk of X-ray selected samples, allowing removal of a major source of degeneracy in the determination of  M from cluster abundance evolution. 2 Observed evolution of the L−T relation of X-ray clusters Lumb et al., (2004), present the results of the X-ray measurements of eight distant clusters with redshifts between 0.45 and 0.62. By comparing them with various local L–T relations, clear evidence for evolution in the L–T relation has been found. The possible evolution has been modeled in the following way:  α T (1 + z)β (1) L x = L 6 (0) 6keV T α where L 6 (0)( 6keV ) is the local L–T relation. β is found to be of the order of 0.6 in an Einstein–de Sitter cosmology (Lumb et al., 2004; Vauclair et al., 2003). This result is entirely consistent with previous analyses (Sadat et al., 1998; Vikhlinin et al., 2002).



3 Cosmological interpretation The evolution of the abundance of X-ray clusters is known to be a powerful cosmological test (Oukbir and Blanchard, 1992). Indeed the evolution of the number
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Figure 6.2 Temperature–luminosity of X-ray clusters: Crosses are local clusters from a flux selected sample, gray diamonds are distant clusters from Chandra (Vikhlinin et al., 2002), large dark diamonds are clusters from the XMM  project, other dark symbols are other XMM clusters with z > 0.3.



of clusters of a given mass is a sensitive function of the cosmological density of the Universe, very weakly depending on other quantities when properly normalized (Blanchard and Bartlett, 1998). Attempts to apply this test have been performed but still using only a very limited number of clusters (typically 10 at redshift 0.35) (Henry, 1997; Viana and Liddle, 1999; Eke et al., 1998; Blanchard et al., 2000). In Blanchard et al., it was found that  = 0.86 ± 0.25(1σ ), so that a concordance model deviates at only a 2- σ level, while systematics differences explain the values obtained from the various authors. On the other hand, number counts allow one to use samples comprising many more clusters. Indeed using simultaneously different existing surveys, EMSS, SHARC, RDCS, MACs NEP, and 160 deg2 , one can use information provided by more than 300 clusters with z > 0.3 (not necessarily independent). In order to model the clusters’ number counts, for which temperatures are not known, it is necessary to have a good knowledge of the L–T relation over the redshift range that is investigated, information that has been provided by XMM and Chandra. Number counts can then be computed:  z+ z ∂N (L x > 4π Dl2 f x )dz N (> f x , z, z) =  z− z ∂z  z+ z N (> T (z))dV (z) =  =
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Figure 6.3 Theoretical number counts in terms of redshift ( z = 0.1) for the different surveys: RDCS, EMSS, MACS, and 160 deg 2 (high flux, corresponding to fluxes f x > 2 × 10−13 erg s−1 cm −2 ). Observed numbers are triangles with 95% confidence interval on the density assuming Poissonian statistics (arrows are 95% upper limits). The upper curves are the predictions in the concordance model (model B). The lower curves are for critical universe (model A). Different systematics have been investigated (see Vauclair et al., 2003 ). Grey areas are uncertainties from uncertainties on σ8 and on L−T evolution. The – hardly visible!– 3-dotted-dashed lines show the predicted counts in the concordance model using non-standard scaling of M−T relation with redshift.



where T (z) is the temperature threshold corresponding to the flux f x as given by the observations, being therefore independent of the cosmological model. For most surveys the above formula has to be adapted to the fact that the area varies with the flux limit, and eventually with redshift. Several ingredients are needed: The local abundance of clusters as given by the temperature distribution function ( N (T )), the mass–temperature relation and its evolution, the mass function, and the knowledge of the dispersion. Uncertainties in these quantities result in uncertainties in the modeling. However, Vauclair et al. showed that these sources of systematics uncertainties are comparable to statistical uncertainties, which are
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Figure 6.4 The ratio between thermal energy of the gas measured by Tx and the kinetic energy of galaxies measured by their velocity dispersion for a sample of clusters with Tx ≥ 6 keV with redshift spanning from 0 to 1.2. No sign of evolution is found. The best fit is the continuous line; grey area is the formal one σ region, dashed line is the level necessary to make the concordance in agreement with the X-ray clusters counts.



actually very small. Figure 6.2 illustrates the counts obtained with a standard 2/3 mass temperature relation: T = 4 keVM15 (1 + z), the SMT mass function (Sheth et al., 2001), and the L–T relation observed by XMM with its uncertainty. These counts were computed for different existing surveys to which they can be compared.



4 Possible loopholes During this analysis we have investigated in great detail numerous possible sources of systematics (local samples, normalization of the M–T relations, local L–T relation, dispersion in the various relations). We have also checked that the local luminosity in our models is in rough agreement with local surveys (without requesting it explicitly). Special attention has been paid to selection function. For instance, if flux limit, or identically flux calibration in faint surveys, is out by a factor of 2–3 the concordance would be much closer to existing surveys. However, typical uncertainty is considered to be of the order of 20%. We have identified only one possible realistic way to reproduce number counts in a concordance model, which is to assume that the redshift evolution of the assumed M–T relation is not standard: 2/3 T ∝ M15 . This is conceivably possible if a large fraction of the thermal energy of the gas originates from processes other than the gravitational collapse (although
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it remains to be shown that this is actually possible in a realistic way). It is possible to test observationally this latter possibility. To this aim we have collected some existing measurements of velocity dispersion σ existing for massive clusters (selected to be with temperature greater than 6 keV). The quantity: β −1 ∝



Tx σ2



should evolve with redshift accordingly to (1 + z)−1 if the M–T relation evolved accordingly to the above non-standard scheme (and should remain constant in the standard case). We found no sign of the non-standard behavior, which is in principle ruled out near the 3– σ level. 5 Conclusion The major results obtained with the  project are the first XMM measurement of the evolution of the luminosity–temperature with redshift. A clear positive evolution has been detected, in agreement with previous results including those obtained by Chandra (Vikhlinin et al., 2002). The second important result is that this evolving L–T produces counts in the concordance model that are inconsistent with the observed counts in all existing published surveys. This could be the sign of a high density Universe or a deviation from the expected scaling of the M–T relation with redshift. Our investigation of the ratio Tx /σ 2 does not show any sign of such deviation. The distribution of X-ray selected clusters seems therefore inconsistent with the standard picture of a low cosmological density parameter and rather seriously favors a high density Universe.
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Discussion Q : B. LEMPEL : What was the density of the Universe when it became transparent? A : A. B. : The redshift was 1000 so the density is 10003 the present density, i.e., around 10−20 g cm -3 . Q : B. LEMPEL : This seems to me absurd, as matter is transparent in the Sun at the level of the photosphere, i.e., where the density is around 10−12 g cm -3 . A : A. B. : What does matter is the optical thickness, which is the integral of the density along the distance: The Sun becomes opaque over a distance of a few hundred kilometers, it takes several megaparsecs for the Universe to become opaque at z = 1000. Q : K. OLIVE : How do you account for the value of the baryon fraction in clusters fb ∼ 0.15 if m = 1, given that b ∼ 0.045? A : A. B. : In order to fit the WMAP Cl, you need to have Ho ∼ 45–50 km s−1 Mpc−1 . In this case b ∼ 0.1 and fb ∼ 0.125. The tension is thus not strong. Sadat and Blanchard (2001) gave a more detailed analysis on this issue. Q : H. ARP : In the evolution of clusters, what is evolving? Which properties? Mass, members? A : A. B. : The abundance, i.e., the number of clusters of a given temperature per unit covolume, is decreasing rapidly with redshift. From the XMM data we also found a slight increase of the luminosity of clusters for a given temperature.
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Q : J.-C. PECKER : Two elements are involved in the temperature of the microwave radiation: Its intensity I and the wavelength of the maximum of intensity (the Wien temperature). Are they both equal? In other words, is the MCB radiation that of a good undisturbed black body or of a slightly diluted blackbody? A : A. B. : COBE provided the measurements of the intensity of the radiation at 50 different frequencies and all these measurements fall remarkably well on a black body, curve with T = 2.726 K with the Wien region widely measured. Actually no departure from a black body is seen at a level of 10−4 (in energy), and the limit of the measurement comes from the on board (reference) black body, which could not be perfectly controlled!



Part III Standard cosmology



7 Cosmology, an overview of the standard model Francis Bernardeau Service de Physique Th´eorique, CEA/DSM/SPhT, Unit´e de recherche associ´ee au CNRS, CEA/Saclay 91191 Gif-sur-Yvette c´edex, France



Abstract The full recognition of the genuine expansion of the Universe and all its consequences is what led to the construction of the “hot big-bang” scenario. The reasons why it is now widely accepted as the standard model of cosmology are reviewed. They are all related to the fact that, if matter and energy are to be conserved in an expanding Universe, its content gets diluted over cosmological time implying that it has experienced a thermal history. Many physical phenomena associated with this evolution have been identified, the signatures of which have been actively looked for and indeed been found in a series of crucial observations, from big-bang nucleosynthesis to the patterns expected from the gravitational growth of structure of the Universe. What is well established, what is speculative, and the questions that are left totally unanswered in the standard cosmology scenario are succinctly presented. 1 Introduction Most modern cosmologists would certainly agree that the rapid and recent progress in observational cosmology has put the standard model of cosmology, what is often referred to as the hot-big-bang scenario, on increasingly solid ground. Since the discovery by Hubble in 1929 of the apparent expansion of the Universe from the observed tendency of the faint galaxies to be redshifted, the idea that the Universe is expanding has attracted the attention of many astrophysicists. It led to the idea that the Universe, rather than being in some sense immutable, was born from a primordial explosion, a “Big Bang.” As will be discussed in the conclusions, the issue of the “birth” of the Universe is actually beyond the standard cosmology theory. What is left of this idea, however, is that the physical properties of the Universe have rapidly evolved over the course of the cosmological time, leading to a rapid decrease of both the density and the temperature of the Universe. 87
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The discovery of the microwave background by Penzias and Wilson in 1965 can be viewed as the birthdate of modern cosmology. It revealed indeed what is thought of as one of the key relics of the thermal history of the Universe, the photon bath that ought to have emerged when the cosmic plasma temperature dropped below the ionization temperature of neutral hydrogen. If, at the time of this discovery, the validity of this model could still be largely questioned, nowadays a large number of observations has been collected that puts this somewhat crazy idea – the Universe as a whole has its own history – on firm ground. The aim of this text is to present the central arguments that support this idea. More detailed derivations and presentations of these results can of course be found in cosmology textbooks such as Gravitation and Cosmology by Weinberg (on the derivation of basic principles of cosmology from General Relativity [6]); The Early Universe by E. Kolb and M. Turner (on the thermal history of the Universe [3]); Cosmological Inflation and Large-Scale Structure by Liddle and Lyth [4]; Modern Cosmology by S. Dodelson [2], more particularly focused on the physics of inflation and large-scale structure formation. The second section is devoted to the presentation of the main sequences to be encountered in the thermal history of the Universe, including the big-bang nucleosynthesis and recombination physics, with a special focus on the latter. Recombination time is the time during which the CMB anisotropies were generated and they have become the most precious probe for modern observational cosmology. The third part is devoted to the physics of inflation. The inflationary scenario is not per se part of the standard cosmology model and undoubtedly contains a large proportion of speculative ideas. It nonetheless provides us with a rather convincing mechanism for solving a number of paradoxes that appear in standard cosmology and for the origin of structure. The last section examines the open questions that remain to be solved (and they are numerous) and questions that may be definitely beyond scientific investigations.



2 A brief description of the thermal history of the Universe 2.1 Basic principles and element of cosmography Before even writing the first equation it is perhaps interesting to remember a few facts. If the Universe is not homogeneous, its metric is nearly locally flat. Except on rare occasions where it can be noticed, photons are basically traveling along straight trajectories. Only rarely can we see effects of gravitational lensing that betray the existence of rather modest (most of the time at 10−5 level) metric fluctuations. It is therefore legitimate to speak of the global metric properties of the observable Universe.
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If in standard cosmology the global properties of the Universe are evolving with time, the Universe is nonetheless assumed to be, at least statistically, isotropic and homogeneous. In the framework of General Relativity (GR) it is implied that its metric should be of the family of the Friedmann–Robertson–Walker metric, ds 2 = c2 dt 2 − a 2 (t)



dx 2 . 1 − kx 2



(1)



It allows the Universe to expand at a speed that depends closely on the energy density of the Universe. The immediate observational consequence is that distant objects appear to be redshifted by an amount proportional to the ratio of the expansion factor a between emission and reception time. Indeed they do. Does it mean the Universe is really evolving with time? Matter and energy conservation then imply that the density of the Universe should be decreasing as, ρmat. ∝ a −3



and



ρrad. ∝ a −4



(2)



respectively. Such an evolution of the physical properties of the Universe is bound to have many consequences. Standard cosmology is to a large extent the confrontation of those predictions with observations. As the temperature of the Universe drops, different phase transitions can take place. This is summarized in Fig. 7.1, which shows the main events that are thought to have taken place during the thermal history of the Universe. The larger the temperature or the density is, the more speculative these events are. In particular we have no known mechanisms for the baryogenesis, inflation is a very speculative era . . . On the other hand, big-bang nucleosynthesis and the physics of recombination are well-understood, low-energy physics effects. They provide us with the best observational supports for standard cosmology.



2.2 Big-bang nucleosynthesis The big-bang nucleosynthesis (BBN) describes the freezing of the nuclear reaction as the temperature of the cosmic fluid decreases, allowing the creation of heavy nuclei by proton or neutron capture from a plasma made only of electrons, protons, and neutrons (see Olive, these proceedings, Chapter 5, for a more detailed account of these processes). It is to be noted that these reactions are actually out of equilibrium. Then the end result of the freezing process depends intimately on the time rate of this evolution, that is, on the actual value of the Hubble constant H . That BBN can explain the mass fraction of helium that can be measured with a reasonable accuracy, is therefore a non-trivial result.
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Figure 7.1 The main events that are thought to have taken place during the thermal history of the Universe (right) and behavior of the expansion factor during those stages (left).



The case for BBN has been made even stronger. Indeed it can only work for a small range of number density of nuclei per photon. Until recently this baryon density could only be inferred from rough accuracy measurements (in galaxy or cluster surveys). It has now been determined with a much better accuracy from Cosmic Microwave Background observations (see next section). The agreement between the two approaches is most reassuring for the standard cosmology model supporters!



2.3 Recombination physics Recombination is the stage during which the plasma temperature drops below the ionization temperature of the nuclei. As the number of free electrons dramatically drops, the photons can freely propagate. The relic of these photons is the Cosmic
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Figure 7.2 Compared evolution of the intrinsic temperature, γ , of dark matter density, c , and baryon density, b , for a proper gauge choice. The corresponding wavelength is at very small scale and the picture exhibits successively the joint adiabatic evolution, the plasma oscillations for the baryon–photon fluid, the Silk damping effects and finally, after decoupling, the fall of the baryons into the dark matter potential wells (figure from [4]).



Microwave Background (CMB). One expects these photons to be isotropically distributed and to exhibit a near perfect black-body spectrum. These features have indeed been observed. They suggest that a plasma at thermal equilibrium once existed. Still better, the recent observations of the CMB anisotropies have provided us with detailed measurements of the plasma properties such as its sound speed. The CMB anisotropies actually reveal the plasma oscillations as they reach the last scattering surface. The main equation that drives the energy density modes of the plasma oscillations essentially reads ˙ k = 3 H 2 k − cs2 k 2 k ¨ k + 2H (3) 2 the solution of which obviously depends on the sound speed of the plasma fluid, √ cs = δp/δρ. The core of CMB anisotropy calculations is then the resolution of the growth of perturbation modes as the content of the Universe (and therefore cs ) evolves. Note that such calculations are linear order calculations in an expansion with respect to the metric fluctuations. They are thus a priori 10−5 precision calculations. One example of such a mode growth is depicted on Fig. 7.2 corresponding to a rather small scale mode.
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Figure 7.3 The angular spectrum of the temperature anisotropies as measured by WMAP.



When transcribed into the CMB anisotropies those density fluctuations give birth to the CMB anisotropies. The latter are actually the superposition of different effects: The intrinsic temperature fluctuations on the last scattering surface, the metric fluctuations that induce gravitational Doppler effects, and the proper motion of the plasma along the line of sight responsible for kinetic Doppler effects. The resulting Cl (amplitude of modes in an harmonic decomposition, see Bouchet, Chapter 4, these proceedings, for more details) is shown as a solid line on Fig. 7.3 together with the observations provided by the WMAP satellite. Those results clearly exhibit the expected oscillatory features. They signal among other things the value of the plasma sound speed at recombination time, and incidentally the fraction of baryons it contained at that time. 2.4 The emergence of the concordance model These observations (together with many others but probably set on less firm grounds) led to the elaboration of a concordance model that reconciles a number of very different observations and constraints, from supernovae surveys, CMB anisotropies, large-scale structure of the Universe, age of oldest stars, etc. The basic parameters of this concordance model are r H0 = 71 ± 4 km s−1 Mpc−1 ; r m h 2 = 0.135 + 0.008 − 0.009;



Cosmology, an overview of the standard model



93



r b h 2 = 0.0224 ± 0.0009; r tot. = 1.02 ± 0.02; r n s = 0.93 ± 0.03 at wavenumber k0 = 0.05 Mpc−1



Probably the most striking aspect of this model is that it provides us with a coherent picture for the large-scale structure of the Universe, from CMB fluctuations measured on the last scattering surface to low redshift galaxy catalogs. As it appears from the above numbers, standard cosmology clearly calls for a dark matter component. This is essential for explaining the shape of the observed matter power spectrum (the reason for that can be found in Fig. 7.2: baryons would not fall into the dark matter potentials if they did not exist!). The case for a cosmological constant (tot. > m ) is less strong and depends to some extent on assumptions on the initial metric fluctuation index (see Blanchard, Chapter 6, these proceedings) when inferred from CMB observations or to weakly known stellar physics when inferred from supernovae observations.



2.5 The standard cosmological model on a test bench Skepticism should be a rule in science. Can we further test the standard cosmological model? One important ingredient of standard cosmology is that the large-scale structure of the Universe is here assumed to emerge from gravitational instabilities, e.g., from the amplification of the primordial metric fluctuations into gravitationally bound objects. The CMB–LSS confrontation presented in Fig. 7.4 is basically a test of the linear growth rate of the density fluctuations. As the density contrasts grow, other phenomenological effects can take place. Mode couplings effects in particular induce non-Gaussian properties of the density field that can be explicitly measured (see [1] for details). The gravitational instability picture in particular implies that, in the case of Gaussian initial perturbations, the leading order term of the three-point correlation function takes the form,  10 ξ (x13 )ξ (x23 ) + ∇ξ (x13 ) · ∇ −1 ξ (x23 ) ξ3 (x1 , x2 , x3 ) = 7 + ∇ξ (x23 ) · ∇ −1 ξ (x13 )    4 −1 −1 (4) ∇a ∇b ξ (x13 ) ∇a ∇b ξ (x23 ) + cyc. + 7 when expressed in terms of the two-point correlation function. And indeed in Fig. 7.5, measured three-point function is successfully compared with theoretical predictions. It enforces the idea that the large-scale structure indeed emerged from gravitational instability. Further tests along this direction will be possible in the
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Figure 7.4 The density power spectra as measured from different observations – galaxy catalogs, number density of clusters, cosmic shear measurements and Lyman-α clouds – compared with what should be expected from CMB anisotropies in a –CDM model.



Figure 7.5 The bispectrum for the PSCz catalog for triangles with 0.2 ≤ k1 ≤ 0.4 h Mpc−1 and with two sides of ratio k2 /k1 = 0.4−0.6 separated by angle θ . Taken from [3].
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near future with the advent of large cosmic shear surveys that directly map the large-scale dark matter distribution.



3 The speculative parts 3.1 The energy content of the Universe If the standard cosmology picture is to be correct, the observations demand a large fraction of matter as a form of dark, essentially non-interacting matter. Theorists are not short of ideas for the nature of this dark matter, from Weakly Interactive Massive Particles (WIMPS), Axions, Kaluza–Klein particles . . . However, none of these particles have proved actually to exist. Searches are in progress. The nature of dark energy is more elusive. If it were to be confirmed it might demand a more radical change of our picture. For instance, we do not know if it corresponds to the energy associated with a scalar field (similar to the inflaton field) or if it corresponds, for instance, to a modification of gravity at large scale.



3.2 The inflationary Universe Standard cosmology also does not provide us with a mechanism for the generation of the primordial adiabatic fluctuations. Inflation, as it turns out, is the only known paradigm that can give satisfactory answers. Basically, inflation is an acceleration phase that the Universe might have experienced in the past. Such a phase would be very useful for a number of reasons r We do not see any monopoles that ought nonetheless to exist in Grand Unified Theory of particle physics; r The observed temperature of the last scattering surface is isotropic despite the fact that, above 1◦ , those different patches of the sky would be causally disconnected. This is the Horizon problem; r The Universe is observed to be nearly flat. A feature that requires extremely fine-tuned parameters at earlier times.



How was such an acceleration stage produced? A solution exists that demands that GR theory and Quantum Field Theory (QFT), the principles of which have both been tested to a high accuracy, be somehow married together. In effect it amounts to exploring the consequences of the dynamics of a simple scalar field in a curved background space-time from the action,   2 R m √ pl. (5) S = d4 x −g L − 16 π
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where L is the Lagrangian density associated with a minimally coupled scalar field,  1 L= (6) ∂µ ϕ ∂ µ ϕ − V (ϕ) 2 The motion equation for ϕ is naturally obtained from the variational principle, which gives 1 dV a˙ (7) ϕ¨ + 3 ϕ˙ − 2 ϕ = − a a dϕ and the motion equation for the background, that is, for the expansion factor, is similarly obtained from a variational principle. It leads to   8π a 2 ϕ˙ 2 (∇ϕ)2 2 + + V (ϕ) (8) a˙ = 2 3 m 2pl. 2 In the context of cosmology it is fair to assume, in connection to one of the early remarks in Section 2, the near flatness of the local metric, that the field ϕ can be decomposed into two parts, its spatial expectation value and its fluctuating part: ϕ(t, x) = ϕ0 (t) + δϕ(t, x)



(9)



Then one assumes that GR can be classically applied to the dynamics of the field expectation value, whereas its fluctuating part will be treated with a quantum field theory point of view, e.g., applying the second quantification rules to δϕ(t, x). Needless to say there is no rigorous mathematical justification for doing so. Quantum gravity does not yet exist as a theory. This approach, however, can be argued to be rather reasonable. The metric fluctuations are indeed known to be small (10−5 level) suggesting that the mechanisms that have given birth to the primordial metric fluctuations took place after the Planck era, outside the genuine quantum gravity regime. The motion equation for ϕ0 eventually gives, a˙ dV ϕ¨ 0 + 3 ϕ˙ 0 = − (10) (ϕ0 ) a dϕ A satisfactory inflationary phase will take place if the potential of the energy density is sufficiently large with respect to the kinetic part. This will be possible only if the potential is flat enough. This is quantitatively described in the Slow Roll 2 m2  parameters,  = 16pl.π V  /V and η = m 2pl. V  /(8 π V ). Actually it is possible to build a model of inflation arbitrarily close to a de Sitter phase, e.g., constant energy density, provided that the so-called Slow Roll parameters are small enough. Unlike normal matter (whose pressure is always positive) scalar fields can have an effective negative pressure, therefore providing us with one possible inflationary mechanism. The physical interpretation is that the quantum state of the Universe does not
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correspond to localized ϕ particles but to a large superhorizon Bose condensate. That such things do exist is certainly speculative but still possible in the realm of QFT.



3.3 The origin of structure One attractive aspect of inflation is that it provides, with the very same ingredients, a mechanism for the origin of the large-scale structure of the Universe. Basically, in an inflationary Universe, quantum fluctuations of a scalar field can be squeezed and frozen to give birth to a classical stochastic field. The computation of this effect is actually relatively straightforward in the context of quantum field theory. As usual, field fluctuations can be decomposed into mode operators,  



 † (11) δϕ = d3 k ak ψk (t) exp (ik.x) + ak ψk∗ (t) exp (−ik.x) †



where ak and ak are the creation and annihilation operators of the field particles of momentum k. They are assumed to obey the commutation rule, †



[ak , a−k ] = δ(k + k )



(12)



The time dependent mode coefficients ψk are solutions of the motion equation, 2 ˙ + k ψk = −V  ψk ψ¨k + 3 H δϕ a2



(13)



Note that the r.h.s. of this equation vanishes in the Slow Roll approximation (small value of η). The motion equation then corresponds to that of a free massless scalar field. What is important to keep in mind is that the mode amplitudes are determined solely by quantum physics. They are such that they reproduce the expected local commutators in the small-scale Minkowski limit. It leads to a well determined expression of the mode amplitude at large scale (proportional to H/k 3/2 ) and consequently of the scalar metric fluctuations: inflaton fluctuations induce superhorizon time laps that are nothing but the scalar metric fluctuations. It is, by the way, worth noting that the resulting metric fluctuations are even larger, that ϕ0 is slowly varying (time laps are inversely proportional to V  (ϕ0 )), and that the resulting metric amplitudes are at first view scale invariant (same amplitude for all scales) although not exactly, since the value of H is – slowly – evolving as the modes cross the horizon. At the same time any other degree of freedom of light fields can also give birth to superhorizon quantum fluctuations. This is the case in particular for the tensor modes, the gravitational waves, the amplitudes of which are therefore related to the scalar perturbation.
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Consequently generic inflationary models contain the required ingredient to produce primordial metric fluctuations. A number of properties are then expected. r The metric fluctuations are adiabatic (identical in all cosmic fluid components) and obey Gaussian statistics. r They have an almost (but not exactly) scale invariant power spectrum. r One also expects tensor fluctuations, the amplitudes of which trace the energy scale of inflation.



The first two items of this list have indeed been verified in current data sets. The third is next in line but requires much better detector sensitivity. It is also to be noted that the detection of a departure from scale invariant spectrum or gravity waves would strongly support inflation but no detection of such effects would be inconclusive. Nowadays inflation is the only working paradigm providing an explanatory scheme for the origin of structure. The nature of the inflaton field however still evades theoretical investigations. A number of scenarios have been proposed. They include generic chaotic inflation, F-term or D-term hybrid inflation from SUSY models, superstring tachyonic inflation, etc . . .



4 Conclusions So what is the status of standard cosmology? A number of ingredients of it have been put on solid ground by recent observations. There is little doubt for instance that a baryon–photon plasma once existed. Its relic can be found in the CMB whose angular and spectral properties are precisely those that were expected. The growth of structure also proved to follow patterns expected from the gravitational instability picture. That can be verified at many levels, from the CMB–LSS correlations to the mode couplings patterns that have been found to match the expected properties. Inflation, on the other hand, is still speculative. Only its most generic features have been explicitly verified and we are still waiting for the verification of more specific predictions. What is dramatically missing here is the identification of the inflaton field. Finally there are questions that standard cosmology hardly addresses and for which there are certainly no clear answers. For instance, standard cosmology does not claim that there actually existed a genuine big bang, i.e., a space-time singularity. For instance in “pre-big-bang” or ekpyrotic models there is no such global GR singularity. In essence, cosmology is essentially the theory of a fluid expansion, it does not say much about the initial impetus that might be at its origin. Whether
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the Universe is finite or infinite is also a question that is mainly left unanswered. There might exist compact spatial directions at scale larger than the observable Universe that we may never be able to detect. The global space-time structure of the Universe, at scale much beyond the observable Universe, is also unknowable. In the realm of quantum gravity the answer to this question might be extremely complicated!
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Discussion Q: J. NARLIKAR: If there is no big bang how did the universe acquire such high energy as at inflation? A: F. B: This question is partially addressed in the chaotic inflation picture: quantum fluctuation is all we need. The full answer to this question is, however, well hidden in the mysteries of quantum gravity. But once again standard cosmology does not give much clue on the existence of a genuine “Big Bang.” Q: M. MOLES: The redshift explanation in the standard model derived from the metric made the assumption of homogeneity and isotropy. The Hubble law is found already at scales that are much smaller than the homogeneity scales. How is that possible? A: F. B: First of all the H fluctuations, in linear theory, identify with the divergence field and are proportional to the density fluctuations. The amplitude of H fluctuations therefore diminishes then much more rapidly than those of the velocity. Having
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said that, that the measured expansion in our close vicinity gets rapidly close to the Hubble value might be a mere coincidence. Q: H. BROBERG: The suggestion is that the most straightforward model would be an information front of the Universe that expanded with velocity c from the moment of random creation of an elementary particle and time. Inside the front the Schwarzschild geometry is automatically generated from which G and other parameters are developed. It is explained in a paper published in a recent book on Mach’s principle and the origin of inertia, “Mass and Gravitation in a Machian universe”. The model ensures a “flat” universe and no need of inflation. A: F. B.: OK.
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Abstract We are told that we are living in a Golden Age of Astronomy. Cosmological parameters are found with unprecedented accuracy. Yet, the known form of matter forms only a small fraction of the total energy density of the Universe. Also, a mysterious dark energy dominates the Universe and causes acceleration in the rate of expansion. 1 Introductory remarks We live in an exciting age of astronomy. Some thirty years ago, cosmology was a science of only two parameters, the current expansion rate or the Hubble constant, H0 , and its change over time or the deceleration parameter, q0 . Questions such as the age of the Universe, its large- and small-scale structure, origin of galaxies, and the formation of stars were considered as speculative with no direct connection to precise measurements. The situation has changed drastically with the discoveries of giant walls of galaxies, voids, dark matter on the one hand, and on the other hand, the tiny variations in the cosmic background radiation and a “mysterious” uniformly distributed, diffuse dark energy causing acceleration of the expansion rate of the Universe. There are some sixteen cosmological parameters whose measured values exhibit unprecedented accuracy in the history of astronomy. Ten of these parameters are “global” in the sense that they pertain to the idealized standard model of a homogeneous isotropic universe governed by the Friedmann–Lemetre– Walker–Robertson metric within the framework of general relativity. The other six refer to more details of the model, to the deviations from homogeneity and their manifestations in the cosmic structure. These numbers are tied to a fundamental theory – big bang, inflationary theory – and it is believed by the practitioners that it accounts for the origin of structure and geometry of the universe, as well as describing its evolution from a fraction of a second. 101
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In the words of Freedman and Turner [1], the still evolving and emerging picture is described as follows: In a tiny fraction of a second during the early history of the Universe, there was an enormous explosion called inflation. This expansion smoothed out wrinkles and curvature in the fabric of space-time, and stretched quantum fluctuations on subatomic scales to astrophysical scales. Following inflation was a phase when the Universe was a hot thermal mixture of elementary particles, out of which arose all the forms of matter that exist today. Some 10 000 years into its evolution, gravity began to grow the tiny lumpiness in the matter distribution arising from quantum fluctuations into the rich cosmic structures seen today, from individual galaxies to the great clusters of galaxies and superclusters. However, there are wrinkles and surprises in this rosy theoretical picture! [2]. Most of the Universe is made of something fundamentally different from the ordinary matter that we know of. Some 30% of the total-mass energy density is dark matter, whose nature we do not know, but in all likelihood, it is composed of particles formed in the early Universe. About 66% is in the form of a smooth, uniformly diffused energy called the dark energy, whose nature we do not know, but we conjecture that its gravitational effects are responsible for the recently observed acceleration in the rate of expansion of the universe [2]. Approximately only 4% is composed of ordinary matter, the bulk of which is dark. Finally, cosmic microwave background radiation contributes only 0.01% of the total, but it encodes information about the space-time structure of the Universe, its early history, and probably even about its ultimate fate. In light of this, one wonders whether our present fundamental theories of elementary particles that are supposed to be the building blocks of the Universe are of any relevance to the emerging picture of the Universe. In this review, I present certain aspects concerning the current status of particle theory and its link to cosmology. 2 Beyond the Standard Model; Grand Unified Theories The current theory of fundamental interactions is the so-called Standard Model, a non-Abelian Yang–Mills type theory based on the gauge group S(U (3) × U (2)) with spontaneous symmetry breaking, induced by a fundamental scalar, called the Higgs meson. It presents a unified theory of weak and electromagnetic interactions (electro/weak) marked by spontaneous symmetry breaking. Strong interactions are described by the gauge theory based on the group SU (3) (Quantum Chromodynamics). It has been enormously successful in its confrontation with experiments. Yet, it is far from a fundamental theory for a number of reasons. First and foremost,
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it has a large number of free parameters. The starting point is three families of quarks and leptons with their masses totally arbitrary ranging over several orders of magnitude. The theory is renormalizable, but it has quadratic divergences requiring “fine tuning” of the parameters in successive orders of perturbation. It can accommodate CP violation, but has no natural explanation for its origin or the order of magnitude of its violation. Nonetheless, its enormous success led to its natural extension seeking unification of all the three fundamental interactions, weak, electromagnetic, and strong: Grand Unified Theories (GUTS). In its most pristine form, a Grand Unified Theory postulates that the description of interactions among elementary particles will simplify enormously at some very high energy E > MG (Grand Unification Mass). The electro/weak and strong interactions, which are the basic interactions at low or present laboratory energies, will be seen as different aspects of one basic interaction among a set of basic constituents of all matter. Correspondingly, as one moves up in energy, a symmetry larger than the standard model gauge group S(U (3) × U (2)) will progressively unfold itself, becoming fully manifest at energies exceeding MG . Initial analysis based on renormalization group methods suggested strongly that the coupling constants that change as a function of energy (a feature of nonAbelian gauge theories) evolve to a unification point at energies around 1015 GeV. Since any such unification demanded quarks and leptons to be treated on the same footing, quark–lepton transitions at such energies and above became theoretically mandatory, leading to the possible violation of the well established baryon- and lepton-number conservation laws at low energies. A dramatic consequence was the possibility of observing proton decay! The simplest extension of the Standard Model based on the gauge group SU (5) predicted a lifetime of 1029 years for the proton and led to a number of experiments that failed to detect it and have set a limit to proton lifetime beyond 1032 years. More complicated models based on bigger simple groups (S O(10), for instance), semi-simple products of groups, and exceptional groups (such as E 6 ) were proposed and were partially successful in extending the predicted lifetime of the proton and predicting new exotic species of particles. However, to obtain a full display of the new interactions and to put them to experimental test, we need energies of the order of 1015 GeV and greater, which are clearly beyond the present or future terrestrial accelerators. It became evident that astrophysics and cosmology were the natural arena for testing these ideas. In the current popular standard model cosmology, based on the Friedmann–Lemetre– Walker–Robertson metric, the early Universe was in a hot dense phase with temperatures exceeding 1016 GeV in its first 10−35 seconds after the big bang. The Universe in its early stages was like a giant accelerator and one expected a copious
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production of all the particles we know, and those we do not know – the super heavy particles predicted by Grand Unified Theories. One could then trace the effects of the new particles and their interactions through the subsequent adiabatic cooling of the Universe down to the present epoch and compare them with astrophysical measurements. It was the beginning of a symbiotic relation between particle physics and astrophysics.



3 Beyond the Standard Model; supersymmetry Supersymmetry goes beyond the conventional distinction between fermions (odd integral multiples of spin 1/2 particles) as fundamental constituents of matter and bosons (integral multiples of spin 1 particles) as carriers of interactions. It treats both on an equal footing, combining them in a supermultiplet that allows symmetry transformations between them. Conventional space-time symmetries are supplemented by anti-commuting operators that transform fermion into boson and vice versa. Thus it may be looked upon as unification of matter and interactions. Its main points are as follows. r Each chiral fermion (quark, lepton) in the Standard Model is accompanied by a spin zero boson (squark, slepton). Likewise each gauge boson and Higgs scalar is accompanied by a spin 1/2 fermion (gaugino, Higgsino). r All superpartners of Standard Model (SM) particles are new particles r No known SM particle is a superpartner of another SM particle. If supersymmetry were exact, a particle and its superpartner that have the same quantum number should be degenerate in mass. r Supersymmetry is an approximate symmetry of nature. If it were exact, superpartners of SM particles would have been discovered along with the SM particles since they would have been degenerate in mass.



From a theoretical point of view, supersymmetry is very appealing. It is a beautiful symmetry, but it is approximate. There is no unique or elegant symmetrybreaking mechanism. In principle, it has the potential of solving some theoretical problems associated with the quadratic divergences and fine tuning problems generic to the Standard Model and Grand Unified Theories, which invoke spontaneous symmetry breaking through fundamental scalar particles. There is enough freedom in models to meet the experimental limits on proton lifetime exceeding 1032 years. The so-called Minimal Supersymmetric Standard Model (MSSM), an extension of the Standard Model, provides more convincing evidence for the unification of all interactions (excluding gravity) than Grand Unified Theories alone. From the point of view of cosmology and astrophysics, broken supersymmetry offers a candidate for dark matter, the “neutralino.” [3]
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4 Nature of dark matter; candidates for dark matter Observationally, dark matter appears to be distributed diffusively in external halos around individual galaxies or in a sea through which galaxies move. Here are some speculations concerning its nature. r It is believed to consist of hypothetical particles called WIMPS (Weakly Interacting Massive Particles), produced probably in the early Universe. r Their masses should be around electro/weak symmetry-breaking scale, in the 10 GeV− 1 TeV range. They should have neither strong nor electromagnetic interactions with the known SM particles. If they did, the argument goes, they would have dissipated energy and relaxed to more concentrated structures, where only known baryons are found. r They must be Cold, in the sense that they move slowly with non-relativistic velocities, as opposed to hot, light particles moving with relativistic velocities. Hot and Cold dark matter lead to different predictions regarding galaxy formation. Galaxies are formed first owing to cold dark matter before forming superclusters, whereas the opposite happens with hot dark matter.



It is remarkable that from the simple starting point of cold dark matter and inflation-induced lumpiness, one can envisage a highly successful picture of formation of structure in the universe. From the point of view of particle physics, there are three possible candidates for dark matter: r Neutrinos: The idea that neutrinos could be candidates for dark matter has been there for a long time. They certainly exist in large numbers (roughly one billion for every photon) and they could contribute a huge mass to the dark matter if they were massive enough. Recent experiments on solar and atmospheric neutrino oscillations have established that one or more than one of the types of neutrinos must have a mass. However, neutrino oscillation experiments probe only the mass differences. There are many theoretical models and many experiments to determine their absolute masses. Cosmological observations will play a very important role in setting the absolute scale of neutrino mass just as primordial nucleosynthesis set a limit on the number of light neutrinos. This is because, as mentioned above, hot and cold dark matter predict entirely different courses for the evolution of the large-scale structure. If all the neutrinos are light with masses of an electron volt or less, they constitute hot dark matter. Then, there is a stringent limit on the amount of hot dark matter in order that it does not wipe away the required small-scale structure. r Axions: The axion is probably the first candidate for dark matter that was proposed. A search for it has been going on for quite some time. It has its origin in the theoretical solution of CP violation in strong interactions due to the complex nature of the vacuum in the theory of strong interactions based on quantum chromodynamics (QCD). A globalaxial symmetry known as Pecci–Quinn symmetry solved the problem, but it made it necessary to have a massive particle with strong interactions with ordinary matter. When experiments failed to detect such a particle, a mechanism proposed by Dine, Fisher, and
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Schrednicki allowed the coupling to matter as well as its mass to be arbitrarily small. The axion exists, but it cannot be seen. Two different mechanisms have been proposed for their production in the early Universe: (a) At the QCD phase transition, when free quarks get bound to form hadrons, a Bose condensate of axions form and these very cold particles behave as cold dark matter. (b) Decay of cosmic strings at the Pecci–Quinn phase transition can also give rise to axions. Axions are potentially detectable through their weak couplings to electromagnetism. In the presence of a strong magnetic field, the axionic dark matter can decay into two photons. Several new experiments based on cryogenically cooled cavities and the use of an atomic beam of Rydberg atoms as a detector are in progress. r Neutralinos: Broken supersymmetry combined with the conservation of what is called R-parity provides an ideal candidate for dark matter. The lightest particle is absolutely stable and has the necessary properties to form dark matter. In MSSM, the spin-1/2 neutral gauge eigenstates mix and form mass eigenstates after symmetry breaking. These are called neutralinos. The lightest among these is considered to be the most probable candidate for dark matter. Neutralinos are Majorana particles. Their mass estimates in MSSM depend upon five parameters. In order to estimate their contribution to relic dark matter density, it is necessary to know their annihilation cross-sections into ordinary- as well as the superpartners. Such calculations have been made and restrictions on the parameter space have been placed by requiring the contribution of such particles to dark matter energy density to be in the range allowed by cosmological observations. Search in collider experiments in LEP 200, LHC, and Tevatron is on, but it will be several years before we have results.



5 Concluding remarks In this brief review, I have not touched upon a multitude of other ideas and problems, particularly problems associated with dark energy. The enormous progress in observational cosmology and the unprecedented accuracy of the cosmological parameters have posed profound problems for both particle physics and cosmology. It is clear that the Standard Model of elementary particles and their interactions fails to provide a complete catalog of the building blocks of our Universe. Physics beyond the Standard Model, Grand Unified Theories, and supersymmetry have hints that they may provide the necessary ingredients, but it is far from clear. There is also the over-riding problem of baryon asymmetry. The symmetry between particles and antiparticles is firmly established in collider physics, yet there is no sign of that symmetry in the observed Universe. The observed Universe is composed almost entirely of matter with little or no primordial antimatter. There are various proposals to explain this asymmetry invoking violation of lepton number (L) during electro/weak phase transition (leptogenesis) or the violation of baryon number
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(baryon number-lepton number) during the phase transition at the grand unification scale (baryogenesis) [4]. There is no dearth of new ideas (extra spatial dimensions (large and small)), our universe a “Brane” in a multidimensional space and time, and so on. The inflationary Standard Model of cosmology has many problems of its own when it comes to details. Big questions remain to be answered. Did inflation occur at all? What is the origin of the hypothetical “inflaton” field that drove inflation? How did the different forms of matter/energy of comparable abundance become compatible with the transition to accelerated universe in the present epoch? What is the nature of the dark energy responsible for this accelerated expansion? In any case, the strong symbiotic relation between particle physics and astrophysics and cosmology has produced many new challenges. Acknowledgements This work was supported in part by the US Department of Energy (DOE) under contract no. DE-FG02-85ER40237. I am greatly indebted to Mark Trodden for many helpful discussions. References [1] Wendy L. Freedman and Michael S. Turner, Measuring and Understanding the Universe, 2003, arXiv:astro-ph/0308418 [2] Michael Turner, The New Cosmology, 2002, arXiv:astro-ph/0202007; Michel Turner, Dark Matter and Dark Energy; The Critical Questions, 2002 arXiv:astro-ph/0207297 [3] Jonathan Feng, Supersymmetry and Cosmology, Slac Summer Institute, July 28–August 8, 2003, Stanford, California [4] Antonio Riotto and Mark Trodden, Recent Progress in Baryogenesis, Annu. Rev. Nucl. Part. Sci., 1999, 49:35–75



Discussion Q: M. DISNEY: Is there any observation(s) that falsifies inflation? A: K. C. WALI: As far as I know, WMAP observations have confirmed predictions based on inflationary hypothesis. There are some discrepancies, but they are matters of details. Maybe that will bring about better understanding of inflation. Q: J.-C. PECKER: Some “matter-anti-matter asymmetry” models have been tried and failed to fit observations [Alfv´en, Omn`es & Montmerle, Souriau].
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A: K. W.: I don’t know these papers, but it is true from particle physics, so far there is no completely satisfactory theory to explain this asymmetry. Reference 4 in my paper summarizes the recent progress and current situation. Q: F. SANCHEZ: The pioneer of quantum cosmology was Eddington. He has predicted the “tau” with the right order of mass. He introduced also chiral symmetry, “Majorana algebra” and the nine-dimension space Clifford algebra. Do you know if someone is reconsidering Eddington’s Fundamental Theory? A: K. W.: No. I don’t know anyone who is working on Eddington’s Fundamental Theory. I am surprised you say Eddington had predicted tau lepton. ´ Q: M. CASSE: What is in your opinion the best way to discover the neutralino: (a) production in collider experiments, (b) passive detection in underground detectors, (c) indirect detection through gamma rays from their annihilation? A: K. W.: I am afraid I don’t know the answer. Confirming evidence for the neutralino can only come from discovering some other particles predicted by supersymmetry. That suggests collider experiments. Q: F. BERNARDEAU: What are our best chances of detecting dark matter (colliders, direct detection, indirect detection...) depending on the flavor compositions? A: K. W.: I am afraid I don’t know the answer.
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9 Observations of large-scale structure Val´erie de Lapparent Institut d’Astrophysique de Paris, CNRS, Univ. Pierre et Marie Curie 98 bis Boulevard Arago, 75014 Paris, France



1 Introduction Over the past decade, the observation of the galaxy distribution at large scale has made significant advances thanks to (i) the building of fiber spectrographs with a large field of view and a high multiplex gain (Lewis et al. 2002; Burles et al. 1999, Watson et al. 1998), and (ii) the dedication of large numbers of observing nights or the use of dedicated telescopes for such projects. These observations have led to extensive maps of the distribution of matter traced by the galaxies. The three major projects aimed at mapping the “local Universe” over large solid angles are: r the 2dF Galaxy Redshift Survey, an Anglo-Australian collaboration; r the Sloan Digital Sky Survey, a US–Japanese–German collaboration; r the 6dF Galaxy Survey, another Anglo-Australian collaboration.



In the following, I review these surveys and the remarkable results that they have provided on the large-scale structure of the Universe. I also review the recent or undergoing surveys to higher depth.



2 The large solid angle surveys 2.1 The 2dF Galaxy Redshift Survey The 2dF Galaxy Redshift Survey (2dFGRS) is now complete and covers ∼1 500 square degrees of the southern sky, distributed in two strip-like regions of 70 to 80◦ long in right ascension and ∼10◦ and ∼14◦ wide resp. in declination, plus ∼80 single fields dispersed over the Southern Galactic Cap. The photometric catalog is based on the APM catalog (for “Automatic Plate Measuring machine” used to scan the UK Schmidt photographic plates; Maddox et al. 1990), which has been re-calibrated using CCD images. The limiting magnitude of the 2dFGRS is b J = 19.45. The spectroscopic observations are performed with the 2dF spectrograph (Lewis et al. 111
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2002), installed on the Anglo-Australian 4 m telescope. The spectrograph has a 2◦ field (hence its name) and 400 fibers. For each spectroscopic field, an aperture plate is drilled using the accurate positions of the galaxies to be observed, and the 400 fibers are plugged into the holes by a robot, which allows a reliable identification of the spectra with the catalog objects. The complete 2dFGRS catalog provides reliable redshifts for 221 414 galaxies to z ≤ 0.25 (Colless et al. 2003). The redshift maps for the two strip-like regions in each galactic cap show that the alternation of walls and voids of galaxies, which was detected in the CfA redshift survey (de Lapparent et al. 1986) and the Las Campanas Redshift Survey (Shectman et al. 1996), extends out to z ∼ 0.1. Many walls are tenuous, but some are dense and contain numerous fingers-of-God corresponding to groups and clusters of galaxies. The most striking result of the 2dFGRS is the first-time detection of the coherent in-fall of galaxies onto the large-scale structures. By decomposition of the twopoint correlation function along the line-of-sight and the transverse direction, one separates the different components contributing to the peculiar velocity field in the sample. Application to the 2dFGRS allows a good match by a two-component model describing (i) the random pairwise velocities (due to groups and clusters) and (ii) the coherent in-fall onto high-density regions. By fitting this model to the data, Hawkins et al. (2003) derive a constraint on the matter density: 0.6 m /b ∼ 0.47 ± 0.08, where m is the matter density parameter of the Universe, and b is the linear bias parameter for the galaxies (Blanton et al. 2000). Assuming a bias value b ∼ 1.0 as also measured from the 2dFGRS (Verde et al. 2002; Lahav et al. 2002), this yields m ∼ 0.27 ± 0.06, in good agreement with an independent estimate based on the direct measurement of peculiar velocities of galaxy pairs (Feldman et al. 2003). Application of the group finding algorithm of Eke et al. (2004) shows the full hierarchy of structures in the 2dFGRS, which is expected in the gravitational instability scenario. The maps of the groups detected by Eke et al. (2004) show that they densely populate the walls of galaxies, whereas the richest groups or clusters are rarer and tend to be clustered. The hierarchical structure can be quantitatively measured using the n-point correlation functions. If one excludes the dense superclusters present in the 2dFGRS (because they introduce a bias in the mean density), the average n-point correlation functions scale as the (n− 1)th power of the twopoint correlation function, up to n = 6 (Baugh et al. 2004; Croton et al. 2004); such a behavior is expected if the large-scale structure forms by gravitational instability. By application of an objective algorithm for detection of the voids in the 2dFGRS, Hoyle & Vogeley (2004) identify 289 voids with an average effective radius of ∼15 h−1 Mpc (with a Hubble constant H0 = 100 h km s−1 Mpc−1 ); these voids are nearly empty, with an average density contrast δρ/ρ = −0.94 ± 0.02, and their
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total volume corresponds to 40% of the volume of the Universe sampled by the survey. These results are in good agreement with the semi-analytical cold dark matter models of Baugh et al. (2004), which include feedback from supernovae. 2.2 The Sloan Digital Sky Survey The Sloan Digital Sky Survey (SDSS) is an on-going project performed with a dedicated 2.5 m telescope built at the Apache Observatory (New Mexico, USA). The survey aims at obtaining both CDD spectroscopy and redshifts for ∼900 000 galaxies (with z ≤ 0.25) and ∼100 000 QSOs (with z ≤ 3) over ∼7 000 square degrees of the sky (i.e., 1/6 of the celestial sphere). In contrast to the 2dFGRS, the input catalog based on digital detectors guarantees a high accuracy and homogeneity of the database, a fainter limiting magnitude r ≤ 22.5, and provides a larger number of filters (ugriz, Fukugita et al. 1996). Both the imaging camera and the spectrograph cover a three degree field of view, and the spectra are obtained with a dual spectrograph having a total of 640 fibers (Burles et al. 1999). So far, 60% of the galaxy redshifts have been obtained. Plugging the fibers into the aperture plates is performed every day by two people who are fully occupied by this task; this manual procedure has been preferred over a robot, which would imply a higher financial cost. The data sub-samples that are already available correspond essentially to declination strips located in the Southern and Northern Galactic Caps. The northern strips are also common with the 2dFGRS, and show identical large-scale structure. The general distribution has the same features as in the 2dFGRS and previous surveys, with an alternation of sharp walls and nearly empty voids with diameters of 10 to 50 h−1 Mpc. The power spectrum of the SDSS (Tegmark et al. 2004)) is not well-fit by a single power law and shows curvature at large scale (∼100 h−1 Mpc). One of the advantages of measuring the galaxy power spectrum is that it allows one to significantly decrease the likelihood interval for the cosmological matter density measured from the Wilkinson Microwave Anisotropy Probe (WMAP) Bennett et al. 2003). The joint SDSS and WMAP measurements imply hm = 0.213 ± 0.023 (Tegmark et al. 2004), which, combined with the result of the Hubble Space Telescope Key Project for measuring the Hubble constant (h = 0.72 ± 0.08), and the best fit WMAP baryon fraction b /m = 0.17, yield m = 0.30 ± 0.03. The power spectrum for the 2dFGRS (Percival et al. 2001; Tegmark et al. 2002) shows similar behavior to that for the SDSS (Tegmark et al. 2004), with some dispersion comparable to that seen when comparing with the other existing galaxy surveys. This is symptomatic of the required assumptions about bias, redshift-space
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distortions, and non-linear evolution, which must be made when calculating a power spectrum (Peacock and Dodds 1994). 2.3 Topological analyses of the 2dFGRS and SDSS The “sponge-like” nature of the galaxy distribution, in which galaxies lie in sharp walls and filaments alternating with voids, implies that the high-order moments of the distribution may play a discriminating role when comparing with model distributions. Calculating the n-point correlation functions, however, requires an accurate measurement of the mean density, which may be affected by the presence of rare superclusters in the considered sample, an effect that is frequently referred to as “departure from a fair sample of the Universe” (see Croton et al. 2004, for the effect of removing two superclusters from the 2dFGRS when calculating the n-point correlation functions). Reliable constraints on the high-order moments of the galaxy distribution can be obtained indirectly using topological analyses. The common approach is to study the topological properties of the iso-density contours of the galaxy distribution considered as a point-process; the contours are obtained by smoothing the distribution with an appropriate window function and identifying the separating surface between the high and low density regions at some density threshold. The topological properties of the distribution can then be defined as the variations in the characteristic properties of the iso-density contours as a function of density threshold. The integrated mean curvature, also called “genus,” of the iso-density contours as a function of density threshold was calculated in 2-D (along the plane of the striplike survey regions) for the 2dFGRS and SDSS by Hoyle et al. (2002a, b, resp.), and shows good agreement of both surveys with the Virgo Consortium Hubble volume CDM simulations (Frenk et al. 2000). The SDSS 2-D genus analysis of Hoyle et al. (2002b) also shows agreement with the analytical predictions from a Gaussian random field. The 3-D genus analysis of Hikage et al. (2002) based on the SDSS Early Data Release (EDR) also suggests better agreement with a -dominated spatially flat cold dark matter model than with a standard cold dark matter model (with no cosmological constant). These measurements are, however, subject to substantial noise and await confirmation from the full SDSS survey, once completed. A complete description of the topology of the galaxy distribution is obtained by measuring the four Minkowski functionals: the volume fraction, the total surface area, the integral mean curvature (i.e., genus), and the integral Gaussian curvature (i.e. Euler characteristic), as a function of density threshold. Application to the existing SDSS data by Hikage et al. (2003) shows remarkable agreement with
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the results from mock simulations based on a -dominated spatially flat cold dark matter model. 2.4 Anisotropies in the 2dFGRS and SDSS With their large volumes, the 2dFGRS and SDSS maps carry the hope of reaching fair samples of the galaxy distribution, i.e., to be representative samples of the general galaxy distribution. However, both surveys exhibit a marked anisotropy between the Northern and Southern Galactic Caps (NGC and SGC resp.). By smoothing the SDSS galaxy maps with a smoothing length of 10 h−1 Mpc, Einasto et al. (2003) extracted objectively the superclusters and measured their integrated luminosity; the same technique, applied with a smaller smoothing length of 0.8 h−1 Mpc, allows a spatial detection of the groups and clusters contained in the maps. The authors measure a significant anisotropy characterized by the most luminous clusters and superclusters in the NGC being a factor 2 more luminous than the corresponding systems in the SGC. Similar effects are detected in the 2dFGRS, in the form of a deficiency in the K-band infrared counts obtained by cross-identification of the 2dFGRS galaxies with the 2MASS infrared survey (Cole et al. 2001): The K-band counts show a 30% deficiency at z ≤ 0.1 in the SGC compared with the NGC (Frith et al. 2003). This effect is confirmed by a re-analysis of the optical counts in the region of the 2dFGRS, based on new CCD photometry that allows one to check the 2dFGRS photometric scale: these observations confirm a 30% deficiency at z ≤ 0.1 in the 2dFGRS SGC number-counts at magnitudes brighter than ∼17 (Busswell et al. 2003), which the authors also detect in the corrected Durham-UK Schmidt Telescope redshift survey (Ratcliffe et al. 1998). This under-density in the SGC is also visible in the 2dFGRS redshift distribution at z ≤ 0.1, whereas at z ≥ 0.1, the redshift distribution is restored to a common mean density with the NGC (Colless et al. 2003). Busswell et al. (2003) also find that this “Local Hole” persists over the full area of the APM catalogue (Maddox et al. 1990) with a 25% deficiency at B ≤ 17, which suggests that the under-density extends over ∼300 h−1 Mpc × 300 h−1 Mpc on the sky as well as ∼300 h−1 Mpc in the redshift direction. A corresponding under-density is detected by De Propris et al. (2002) in the catalogued clusters contained in the SGC of the 2dFGRS. In their void catalog, Hoyle and Vogeley (2004) also detected that the SGC voids are more underdense than in the NGC. The deeper ESO-Sculptor redshift survey (de Lapparent et al. 2004) also reveals the presence along the line-of-sight of a 200 h−1 Mpc under-density at z ∼ 0.37 followed by a 100 h−1 Mpc over-density at z ∼ 0.45 (see Fig. 9.1). Very-large-scale structures on a scale of ∼100 h−1 Mpc have also been detected in the distribution of
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Figure 9.1 The galaxy distribution in the ESO-Sculptor redshift survey (de Lapparent et al. 2004) in the redshift range 0.035 ≤ z ≤ 0.485 (right cone) and in a close-up view over three sub-intervals in redshift (the three left cones); the number of galaxies in each cone is indicated.
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radio-galaxies at z ∼ 0.27 (Brand et al. 2003) and in the distribution of quasars at z ∼ 1.2 (Clowes and Campusano 1991). The latter structure is also associated with an excess of MgII absorbers (Williger et al. 2002) and most recently with an excess of passively evolving galaxies (Haines et al. 2004); a similar galaxy over-density was also detected at z ∼ 0.8 by Haines et al. (2004). Such anisotropies indicate that very large-scale structures exist in the galaxy distribution, which may reflect similar structure in the mass distribution, unless some systematic large-scale variations operate in the galaxy bias. The issue is how frequent these very large-scale structures are, and to which mass density contrast they correspond, as excess variance at large scale could call into question the current paradigm of Gaussian initial perturbations (see Miller et al. 2004).



2.5 The 6dF Galaxy Survey Another redshift survey of the local universe (to z ≤ 0.1) is the 6dF Galaxy Survey. It aims at measuring the redshifts of ∼150 000 galaxies over most of the southern sky, i.e., 17 046 square degrees. The input catalog is largely based on the 2MASS Extended Source Catalog (Skrutskie 2001, Jarrett et al. 2000), limited to all galaxies with infrared magnitude K ≤ 12.75. The spectra are obtained using the 6 degree field (6dF) multi-fiber spectrograph (Watson et al. 1998, 2000) installed on the UK Schmidt Telescope, which can record 150 simultaneous spectra over the 5.7 degree field of the UK Schmidt. So far, one third of the spectra have been obtained (Jones et al. 2004). The specificity of this catalog is that it provides an unbiased sample of “normal” galaxies, as the infrared wavelengths at which the input catalog was obtained are mostly sensitive to the underlying old stellar component of galaxies, in contrast to the UV and optical wavelengths, which are more sensitive to present star formation and thus the gas content and the interactions between galaxies. The 6dFGS will thus provide a complementary view of the local universe to that provided by the SDSS and 2dFGRS.



3 Deep redshift surveys 3.1 Redshift maps at z ∼ 0.5 In parallel with the large solid angle surveys (SDSS, 2dFGRS, and 6dFGS), redshift maps to z ∼ 0.5 have also been obtained during the past few years (Small et al. 1997, Bellanger and de Lapparent 1995, Yee et al. 2000). These surveys show that the large-scale structure observed in the shallower surveys further extends out to z ∼ 0.5, with apparently similar topological properties and characteristics scales (see Fig. 9.1). These deeper surveys are, however, limited in volume, with an angular
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extent of the order of 1 degree on the sky (corresponding to a transverse extent of ∼10 h−1 Mpc), and their largest dimension lies along the line-of-sight. Therefore, these surveys cannot be used to derive statistical measures of the topological properties of the galaxy distribution at z ∼ 0.5. 3.2 Up-coming redshift surveys at z ∼ 1 The next step in increasing our knowledge of the galaxy distribution is to perform redshift surveys out to z ∼ 1. Two such redshift surveys have recently been started. They benefit from the high multiplex gain of the new multi-slit spectrographs installed on 10-m class telescopes: VIMOS on one Very Large Telescope (VLT) unit of the European Southern Observatory (at Cerro Paranal in Chile), and DEIMOS on one Keck unit (at Mauna Kea in Hawaii). 3.2.1 The Deep Extragalactic Evolutionary Probe The Deep Extragalactic Evolutionary Probe (DEEP2; Coil et al. 2004) aims at obtaining the redshifts of 65 000 galaxies with z > 0.7 with a 50% sampling rate to a limiting magnitude R < 24.1 (half of the galaxies to this limit will have a redshift measurement). The targets are four fields of 2◦ × 0.5◦ on the sky, two of which overlap with the SDSS; each field will thus probe a region of ∼20 × 80 × 1000 h−3 Mpc3 . Redshifts are obtained using the DEIMOS spectrograph (Faber et al. 2003) installed on one 10-m unit of the Keck facility, providing the simultaneous slit spectra of 200 objects. So far, half of the survey is completed and successfully detects galaxies in the redshift interval 0.7 < z < 1.4 (Coil et al. 2004). 3.2.2 The VIMOS VLT Deep Survey In parallel, the VIMOS VLT Deep Survey (VVDS; Le F`evre et al. 2003b) aims at obtaining the redshifts of 100 000 galaxies with I ≤ 22.5 over four fields of 4 square degrees each, thus reaching z ≤ 1.5; each field will then probe a region of ∼80 × 80 × 2000 h−3 Mpc3 . The redshifts are being obtained with the VIMOS spectrograph (Le F`evre et al. 2003a) installed on one 8-m VLT unit, which allows one to obtain the simultaneous slit spectra of 400 objects. So far, 1/5 of the survey is completed. 4 Conclusions and prospects The 2dFGRS and SDSS show the usefulness of mapping the galaxy distribution out to larger and larger distances over large areas of the sky. These two redshifts surveys have allowed important new advances in our understanding of the distribution of matter at large scale in the Universe: the detection and measurement of the coherent in-fall of galaxies onto the high-density regions; new measures of the power-spectrum of the galaxy distribution, which provide complementary
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constraints on the mass density parameter m to those provided by the recent cosmic microwave background measurements; better characterization of the high-order moments of the galaxy distribution and the related topological descriptions. Nevertheless, despite their large size and their typical redshift depth of z ∼ 0.2, the 2dFGRS and SDSS show a marked anisotropy between the Northern and Southern Galactic Caps, suggesting that these maps still do not represent fair samples of the Universe. Moreover, both surveys also yield controversial results on the nature of the galaxy bias (see, for example, Croton et al. 2004; Wild et al. 2004); the bias describes how the galaxies trace the underlying mass distribution, and is intimately related to the physical processes at play in the formation of large-scale structure. Deeper surveys to larger distances have been or are being performed to z ∼ 0.5 and z ∼ 1 resp., at the expense of angular coverage, thus providing only narrow pencil-beam probes of the galaxy distribution. The present challenge in mapping the large-scale structure of the Universe is to obtain sufficiently densely-sampled and large-volume surveys out to z ∼ 1. A significant gain in the statistical analyses of galaxy clustering could be obtained by such redshifts maps over ∼1000 square degrees of the sky, which would then probe a region of ∼500 × 500 × 1000 h−3 Mpc3 ; this would correspond to a surface area increased by factor of 100 over the current DEEP2 and VVDS surveys (see Section 3.2). Such surveys would allow one to perform reliable statistical analyses of the topology of the distribution and to obtain better constraints on the size, density contrast and frequency of the very large-scale fluctuations. These various statistics would allow one to check the consistency with the fluctuation spectrum of the cosmic microwave background. Any disagreement between these two observational approaches would question the present concordance model based on the gravitational instability picture in a spatially flat Universe with a non-zero cosmological constant (Riess et al. 1998, Perlmutter et al. 1999, Phillips et al. 2001, Tonry et al. 2003). Maps of the galaxy distribution at z ∼ 1 would also allow one to put direct constraints on evolution in the galaxy clustering with redshift, by comparing the statistical properties measured at different redshifts. This would provide complementary observations to the local galaxy maps and the “distant” cosmic microwave background, to be also matched by the N-body models. 5 Acknowledgements I am grateful to Jean-Claude Pecker for his kind invitation, which allowed me, while preparing this review, to revisit the wonders of the large-scale galaxy distribution. It was also a great pleasure to be able to give my paper inside the prestigious Coll`ege de France.
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Discussion Q: J. NARLIKAR: Is there any evidence in large-scale surveys for the kind of periodicity earlier found by Broadhurst et al. (1990) in pencil-beam surveys? A: V. de L.: No periodicity has been detected since then in other redshift surveys. However, the recent deep surveys (see Section 3.1) show a clear alternation of voids and walls on scales of 20 to 50 h−1 Mpc. In the ESO-Sculptor redshift survey, we measure an excess correlation in the spatial two-point correlation function at a scale of 25 h−1 Mpc (Slezak & de Lapparent 2005). This scale is significantly smaller than that quoted by Broadhurst et al. (1990), and there is no evidence for such a regularity as in a periodic signal. Q: W. NAPIER: It used to be claimed that there is a periodicity of structure on scales of ∼100 h−1 Mpc, but there was no sign of this in the power spectrum you showed. Have these claims gone away? A: V. de L.: If there was a periodicity in the galaxy distribution at a scale of ∼100 h−1 Mpc, it should indeed show up in the power spectrum. The absence of a feature at these scales agrees with the absence of periodicity in the deep redshift surveys performed recently or now under way (see Section 3).
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Q: G. BURBIDGE: Are there any areas of the sky that have been looked at by more than one group? A: V. de L.: The 2dFGRS and SDSS galaxy redshift survey have a region in common, which yields nearly identical large-scale structure. Note that multiple redshift measurements for a given galaxy obtained by separate groups using different telescopes and instruments systematically yield identical redshifts within the error bars. Q: J. SURDEJ: When going faint and to high redshifts, how much of the atmospheric absorption lines and sky background may affect and bias the detection and redshift measurement of the galaxies? A: V. de L.: At redshifts near 0.5 and beyond, the continuum of a galaxy spectrum represents at most a few percent of the sky background. The dominant atmospheric effects are the OH emission bands in the red part of the visible spectrum, which complicate the sky subtraction, and may act as emission lines in the galaxy spectrum if not cleanly removed. Because the intensity of these emission bands varies spatially and with time, their subtraction requires a delicate treatment. Spectroscopy at 0.5 ≤ z ≤ 1 therefore requires slit spectrographs such as VIMOS (VLT) or DEIMOS (Keck Telescope) for sufficient sky sampling in the vicinity of the observed galaxy. Q: J. SULENTIC: You showed the 3-D distribution of galaxies revealed by the SDSS. Has anyone compared that distribution with the distribution of the quasars of similar and/or higher z? A: V. de L.: The quasars are much sparser tracers of the matter distribution than galaxies. There are therefore very few that lie inside a wide-angle galaxy redshift survey to redshift 0.2 such as the SDSS or 2dFGRS. Due to their narrow solid angle, the deeper surveys to z ∼ 0.5 also contain no or few quasars. The large over-densities of quasar detected by Haines et al. (2004) lie at redshifts 0.2 ≤ z ≤ 2, but are unfortunately not coincident with any of the existing or under-going deep redshift surveys. Note that the detected over-densities in the quasar distribution are so far compatible with Gaussian initial perturbations (Miller et al. 2004).
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Abstract A reconstruction method for recovering the initial conditions of the Universe starting from the present galaxy distribution is presented, which guarantees uniqueness of solutions. We show how our method can be used to obtain the peculiar velocities of a large number of galaxies, hence trace galaxies’ orbits back in time and obtain the entire past dynamical history of the Universe above scales where multi-streaming has not occurred. When tested against a 1283 CDM simulation in a box of 200 h−1 Mpc length, we obtain 60% exact reconstruction on scales above 6 h−1 Mpc. We apply our method to a real galaxy redshift catalog, the updated NBG (Nearby Galaxies), containing 1 483 groups, and clusters in a radius of 30 Mpc h−1 , and reconstruct the peculiar velocity fields in the local neighborhood. Our reconstructed distances are well matched to the observed values outside the collapsed regions if m (t) = 0.20 exp(−0.26(t − 13)), where t is the age of the Universe in Gyrs.



1 Introduction Reconstruction of the initial condition of the Universe from the present distribution of the galaxies, brought to us by ever-more sophisticated redshift surveys, is an instance of the general class of inverse problems in physics. In cosmology this problem is frequently tackled in an empirical way by a forward approach. A statistical comparison between the outcome of an N-body simulation and the observational data is made, assuming that a suitable bias relation exists between the distribution of galaxies and that of dark matter. If the statistical test is satisfactory then the implication is that the initial condition assumed by the simulation is a viable one for our Universe, otherwise one changes the cosmological parameters until a statistical convergence between the observed and the simulated present Universe is achieved. 123
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Since Newtonian gravity is time-reversible, one could integrate the equations of motion back in time and solve the reconstruction problem trivially if, in addition to their positions, the present velocities of the galaxies were also known. However, the peculiar velocities of only a few thousands of galaxies are known out of hundred of thousands whose redshifts have been measured. Thus, a second boundary condition, in addition to the present redshifts of the galaxies, has to be provided: As we go back in time the peculiar velocities of the galaxies vanish. Contrary to the forward approach where one solves an initial-value problem, in the reconstruction approach one is dealing with a two-point boundary value problem (in this case, only the functional dependence of one of the boundary conditions is given, namely: time → 0 then peculiar velocities → 0). In the former, one has a unique solution but in the latter this is not always the case. The question remains whether unique reconstruction can be achieved. In this work, we report on a new method of reconstruction (Frisch et al. 2002, Mohayaee et al. 2004, Brenier et al. 1987) that guarantees uniqueness. 2 A brief review of previous approaches to reconstruction The history of reconstruction goes back to the work of Peebles who traced the orbits of the members of the Local Group back in time (Peebles 1989). In his approach, reconstruction was solved as a variational problem. Instead of solving Newton’s equations of motion, one searches for the stationary points of the corresponding Euler–Lagrange action. In his first work (Peebles 1989) only the minimum of the action was considered. Later on, it was found that when the trajectories corresponding to the saddle-point of the action were taken, a better agreement between predicted and observed velocities could be obtained for the galaxies in the Local Group (Peebles 1995). Thus, by adjusting the orbits until the predicted and observed velocities agreed, reasonable bounds on cosmological parameters were found (Peebles 1989) consistently favouring a low-density Universe (m = 0.1– 0.2; noteworthy at a time when there was a common preference for m = 1). Although rather successful (Shaya et al. 1995) when applied to catalogs such as NBG (Tully 1988) and also to mock catalogs (Branchini, Eldar, and Nusser 2002), reconstruction with such an aim, namely establishing bounds on cosmological parameters using measured peculiar velocities, cannot be applied to larger galaxy redshift surveys, which contain hundreds of thousands of galaxies for the majority of which the peculiar velocities are unknown. For large catalogs, the number of solutions becomes very large and not only is uniqueness completely lost but also one is never sure that the full solution space has been explored. In addition, numerical action-based codes are needed to solve the problem, which challenges current computer capacities.
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A physical reason for multiple solutions is the collisionless nature of cold dark matter. Collisionless fluid elements can undergo multistreaming. Regions of multistream are bounded by caustics where the density is formally infinite and inside which the velocity field can have more than one value. This is a major obstacle to a unique reconstruction.



3 Monge–Amp`ere–Kantorovich (MAK) reconstruction Reconstruction can be a well-posed problem for as long as we avoid multistream regions. The mathematical formulation of this problem is as follows (see Frisch et al. 2002, Mohayaee et al. 2004, and Brenier et al. 1987). Unlike most of the previous works on reconstruction where one studies the Euler–Lagrange action, we start from a constraint equation, namely the mass conservation, ρ(x)dx = ρ0 (q)dq



(1)



where ρ0 (q) is the density at the initial position, q, and ρ(x) is the density at the present position, x, of the fluid element. The above mass conservation equation can be rearranged in the following form   ρ(x) ∂qi , (2) = det ∂x j ρ0 (q) where det stands for determinant and ρ0 (q) is constant. The right-hand side of the above expression is basically given by our boundary conditions: The final positions of the particles are known and the initial distribution is homogeneous, ρ0 (q) = const. To solve the equation, we make the following hypothesis: The Lagrangian map (q → x), is the gradient of a convex potential . That is x(q, t) = ∇q (q, t)



(3)



The convexity guarantees that a single Lagrangian position corresponds to a single Eulerian position, i.e., there has been no multistreaming.1 These assumptions imply that the inverse map x → q also has a potential representation q = ∇x (x, t)



(4)



where the potential (x) is also a convex function and is related to (x) by the Legendre–Fenchel transform (e.g., Arnold 1978) (x) = max [q · x − (q)] q



1



;



(q) = max [x · q − (x)] x



(5)



The gradient condition has been made in previous works (Bertschinger and Dekel 1989) on the reconstruction of the peculiar velocities of the galaxies using linear Lagrangian theory.
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The inverse map is now substituted in Eq. (2) yielding   2 ρ(x) ∂ (x, t) = det ∂ xi ∂ x j ρ0 (q)



(6)



which is the well-known Monge–Amp`ere equation (Monge 1781, Amp`ere 1820). The solution to this 222-year-old problem has recently been discovered (Brenier 1987, Benamou and Brenier 2000) when it was realized that the map generated by the solution to the Monge–Amp`ere equation is the unique solution to an optimization problem. This is the Monge–Kantorovich mass transportation problem (Kantorovich 1942), in which one seeks the map x → q, which minimizes the quadratic cost function   (7) I = ρ0 (q)|x − q|2 d3 q = ρ(x)|x − q|2 d3 x q



x



A sketch of the proof is as follows. A small variation in the cost function yields  (8) δ I = [2ρ(x)(x − q) · δx] d3 x x



which must be supplemented by the condition ∇x · (ρ(x)δx) = 0



(9)



which expresses the constraint that the Eulerian density remains unchanged. The vanishing of δ I should then hold for all x − q that are orthogonal (in L 2 ) to functions of zero divergence. These are clearly gradients. Hence x − q(x) and thus q(x) is a gradient of a function of x. Discretizing the cost (Equation (7)) into equal mass units yields  N  2 q j(i) − xi (10) I = min j(·)



i=1



The formulation presented in Equation (10) is known as the assignment problem: Given N initial and N final entries one has to find the permutation that minimizes the quadratic cost function. The cost function is indeed the minimum of an Euler–Lagrange action for inertial particles formulated in suitable space and time coordinates (Croft and Gazta˜naga 1997). If one were to solve the assignment problem (10) for N particles directly, one would need to search among N ! possible permutations for the one that would have the minimum cost. However, advanced assignment algorithms exist that reduce the complexity of the problem from factorial to polynomial (e.g., see H´enon 1995 and Bertsekas 1998. Furthermore H´enon’s adaptation of sparse and dense algorithm suitable for cosmological problems has a complexity of less than N 2.5 and has been used extensively in Mohayaee et al. 2004).
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Figure 10.1 In the scatter plot, the dots near the diagonal are a scatter plot of reconstructed initial points versus simulation initial points for a grid of size 1.5 Mpc h−1 with more than 2 million points. √ The√scatter diagram √ uses √ a quasiperiodic projection coordinate, q˜ ≡ (qx + 2q y + 3qz )/(1 + 2 + 3), which guarantees a one-to-one correspondence between q˜ values and points on the regular Lagrangian grid. The upper left inset is a histogram (by percentage) of distances in reconstruction mesh units between such points; the first bin corresponds to perfect reconstruction; the lower-inset is a similar histogram for reconstructed points at z = 70. The points at z = 70 are obtained by using Zel’dovich approximation to push particles back in time once their grid position has been reconstructed. Perfect reconstruction of about 18% is achieved in both histograms on scales of about 2 Mpc. On mesh sizes of about 6 Mpc h−1 this rate increases to about 60%.



4 Test against numerical simulation We have tested our reconstruction against numerical N-body simulation. We ran a CDM simulation of 1283 dark matter particles, using the adaptive P3 M code HYDRA (Couchman et al. 1995). Our cosmological parameters are m = 0.3,  = 0.7, h = 0.65, σ8 = 0.9, and a box size of 200 Mpc h−1 . The simulations started at high redshift, in this case at z = 70. The results of our full box reconstruction are shown in Fig. 10.1. Once the assignment problem is solved
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the peculiar velocities can be simply evaluated using the Zel’dovich approximation x˙ = f ()H (t) × (x − q), where f () = d lnD/d lna is dimensionless linear growth rate, D(t) is the amplitude of the growing mode today, a is the cosmic scale factor, and H (t) is the value of the Hubble parameter (Zel’dovich 1970). The peculiar velocities can then be used to reconstruct the positions x of the particles at any desired redshift back in time: x(z) = q + (D(z)/D0 )(x0 − q), where x0 is their present positions, given by the simulation, and D0 is the present value of D. The lower-inset of Fig. 10.1 shows the exact rate of reconstruction (when the separation between reconstructed and simulated positions of the particles is less than one mesh at z = 70) to be more or less the same as that of the top left inset. The reason is that particles move very little from the grid positions at high redshifts. However, a comparison between the two histograms demonstrates that yet another Zel’dovich approximation, which is involved in getting from grid positions to positions at z = 70, does not decrease the success of our reconstruction. (For detailed tests against simulations and reconstruction of statistics of the primordial density field, e.g., works on issues such as non-Gaussianity, see Mohayaee et al. 2005.) For scales below 2 Mpc corresponding to the smallest scale probed by reconstruction whose results are given in Fig. 10.1, the exact reconstruction rate is about 18% due to severe multistreaming at these scales. On larger scales of about 5 Mpc this rate increases to about 60%. Outside collapsed regions the reconstructed peculiar velocities match well those simulated, as shown in Fig. 10.2. The primordial density field evaluated using these velocities also matches extremely well the simulated one as demonstrated in the lower panel of Fig. 10.2 (we thank S. Colombi for providing us with the lower panel of Fig. 10.2). 5 Application to real galaxy catalogs We have applied our MAK method to the updated NBG catalog (Tully 1988), now including 3 300 galaxies within 3000 km s −1 . Other more extensive catalogs are available but this catalog provides good completion within the specified volume, which is sufficiently in depth for present purposes. The NBG has the important value-added feature of the detailed assignment of all objects to homogeneously identified groups and filamentary structures. The zone of Milky Way avoidance is shrinking as new surveys are integrated but before a dynamical model can be computed something must be done to account for galaxies lost due to obscuration. In this work, fake galaxies were created by reflection of objects at nearby higher latitudes in sufficient numbers to achieve the average density for the volume. Another correction to the catalog is one that accounts for incompleteness with distance. The correlation with mass is with the quantity of blue light. Light is lost from the catalog
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Figure 10.2 Top panel: Simulated (left panel) and the reconstructed (right panel) velocity field are shown for a thin 6 Mpc h−1 slice in x and y direction and fullbox projection in the z direction of the simulation box. The reconstruction works extremely well outside dense/collapsed regions. Bottom panel: Simulated density field (left panel) and the reconstructed field (right panel) are shown for a thin slice cut of the simulation box. (Upper and lower panels do not correspond to the same slices of the simulation box.)



as galaxies become increasingly excluded with distance. Fortunately the problem is not extreme over the limited range of this study. Selection function corrections to luminosity range from unity at less than 10 Mpc (inside which there is completion because a low luminosity clip is imposed at M B = −16) to only a factor 2.4 at 3000 km s−1 . The second observational component is a catalog of galaxy distances. In all, there are over 1 400 galaxies with distance measures within the



130



Current Issues in Cosmology



3000 km s −1 volume. In the present study, distances are averaged over groups because orbits cannot meaningfully be recovered on sub-group scales. The present NBG catalog is assembled into 1 234 groups (including groups of one) of which 633 have measured distances. This catalog of galaxy positions, luminosities, and distances provides the basis for orbit reconstructions using MAK procedures. The distances, d, permit an extraction of peculiar velocities V pec = Vgsr − dH0 , where Vgsr is the observed velocity of an object in the galactic standard of rest. For MAK reconstruction the particles must all have the same mass since all the particles on the initial grid must be equal and each orbit reconstruction has equal weight. Consequently the endpoint elements must be broken up by different amounts depending on their supposed relative masses. In the first approximation of constant mass-to-light ratio M/L then the elements are simply broken into a number of particles that depends on L i . The unit size is chosen to correspond to 109 L  , the faint end cutoff of the catalog. The elements are all located in redshift space (i.e., at their positions on the sky and at a distance inferred from their velocities). However the breakup into particles for the MAK reconstruction does not preserve the velocity distortion from real positions within elements; i.e., on subgroup scales. As we have demonstrated in the previous section, the MAK reconstructions of N-body simulations demonstrates good recovery of orbits on scales greater than 5 h −1 Mpc but clearly orbits cannot be recovered in shell-crossing regions. The orbit of an element is defined by the center of mass of all the constituent particles as a function of time. The relationship between redshift and real space is estimated using the Zel’dovich approximation v = f ()(x − q), where v is the peculiar velocity vector, x is the current Eulerian position, q is the initial 4/7 Lagrangian position, and f () ∼ 1 + b/m,0 + (1 + m,0 /2),0 /70 and b is the bias factor, which we take equal to 1. In principle with our methodology, a variable bias can be obtained by varying M/L with location. In this discussion, the same M/L is assigned to all objects. Once the particles are reconstituted into the catalog elements, a specific model defines positions that can be tested against observed positions. In Figs. 10.3, we show two MAK results. The left panel is the peculiar velocity field reconstructed by MAK of all the entries in the NBG catalog. There is a clear flow towards the great attractor as expected. The right panel shows a scatter plot of reconstructed versus observed distance moduli, µi = 5log di + 25. The scatter is mainly due to poor reconstructions near big clusters such as Virgo. In the infall region of Virgo, one is in the highly non-linear regime and moreover in a triple-valued region due to redshift space distortion. In this region, velocities deviate significantly from Hubble flow and MAK reconstruction does not necessarily find the right solution.
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Figure 10.3 Left plot: Velocity field of objects in NBG catalog obtained by MAK reconstruction is shown. Large-scale flow towards the great attractor is visible, which overshadows infall into the Virgo cluster. The supergalactic coordinates x and y are used. Right panel: The scatter plot between MAK reconstructed distance modulus and that given by observations for the 663 objects with measured distances in this catalog.



(For reconstruction in the infall region, used for determination of mass of Virgo cluster, see Tully and Mohayaee 2004.) The overall MAK reconstruction can be evaluated by a χ 2 estimator. We evaluate the median value for the χi2 ; between measured and observed distance moduli χi2 = (µobserved − µMAK )2 /i



(11)



where i is the error assigned to µobserved , which is the observed distance modulus of galaxy (or group or cluster) i in the catalog. Values of χi2 can be determined for the 633 objects in the catalog with distance measures for a given choice of density parameter m and age t. In this study we have only considered flat topologies. We assume that  = 1 − m , where  is a measure of the energy density of the Universe. With this constraint, there is a fixed relation between m , H 0 , and the age of the Universe, t, such that if two of these parameters are specified then the third is √ √ √ defined: h = (1/t)(2/3)(1/ (1 − m ))log((1 + (1 − m ))/ (m ))9.78, where h = H/100. Constraints on the parameter space ( m , t) are summarized in Fig. 10.4. The two broad bands locate the 95% confidence limits provided by WMAP spatial fluctuation and SDSS power spectrum studies (Spergel et al. 2003; Tegmark et al. 2004). The heavy solid line indicates the locus of χ 2 minima as a function
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Figure 10.4 Constraints on the parameters m and age of the Universe given by MAK, WMAP, and SDSS. The 2σ constraints from WMAP and SDSS are given as shaded bands. The minimum of the χ 2 trough with the MAK reconstruction is given as the heavy solid line. Hubble constant contours are superposed as light lines. The two side panels illustrate aspects of χ 2 with the MAK reconstruction. In the top panel, the minimum value of χ 2 is shown at each age (i.e., at the location of the heavy solid line). In the right side panel, the values of χ 2 are shown for the range of m considered for the specific age t = 13.5 Gyr (i.e., the trace indicated by the vertical dotted line). It is seen that there is reasonable agreement between the three methodologies in the vicinity of t = 12–14 Gyrs, h = 0.8, and m = 0.2−0.3.



of age from the MAK reconstructions. This line is described by the equation m (t) = 0.20 exp(−0.26(t − 13)) with age t in Gyr. The right panel illustrates the dependence of χ 2 values on m at the fixed age of t = 13.5 Gyr. The top panel shows the weak dependence of χ 2 on age at the χ 2 -minimum trough defined by the heavy solid line. The overall minimum along this trough is reached at 17 Gyr. Overall with Fig. 10.4 two important points are to be noted. First, the uncertainties resulting from the MAK analysis are almost orthogonal to the WMAP and (especially) the SDSS constraints. Second, the three results intersect, resulting in concordance with the cosmological parameters t = 13.2 ± 0.8 Gyr, m = 0.25 ± 0.05, and H0 = 77 ± 5.
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In conclusion, we have demonstrated that our MAK reconstruction scheme guarantees uniqueness on large scales and can be applied to large data sets containing millions of objects. It is now being used with real data for the reconstruction of large-scale velocity fields. The method has been tested against numerical simulations and has been shown to recover the peculiar velocities of a large number of galaxies with a high success rate (taking the simulation dark matter particles to trace galaxies). We have also shown that MAK can be applied to real data and reconstructed peculiar velocity fields in the Local Supercluster. The best reconstruction fits obey the relationship m (t) = 0.20 exp(−0.26(t − 13)), where t is the age of the Universe in Gyrs. This fit intersects the WMAP and SDSS results within their 2σ uncertainties in the range t: 13–13.5 Gyrs, whence m = 0.2−0.3.
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Discussion Q: M. DISNEY: To infer peculiar velocities you need to know very accurately the foreground absorption in our own Galaxy. Cannot this seriously disturb the dynamical inference? A: R. M.: Corrections for foreground absorption are required but this issue is not a major source of uncertainty. It is important to have an all-sky description of the galaxy distribution but it is not necessary to map the peculiar velocity field through heavily obscured regions.
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Q: M. DISNEY: You might be interested to incorporate the HIPASS/HIJASS catalog – a 21cm survey of the whole sky? A: R. M.: Definitely. We already have acquired HIPASS, which covers the southern sky and information from it will be included in our next catalog. Q: J.-C. PECKER: You know only the radial velocities of the galaxies, not the proper motions. How do you take into account transverse velocities and collisions or induced ejections of matter? A: R. M.: Our reconstruction method gives us the three components of the peculiar velocities, we then evaluate the radial components and observe distances to the galaxies in our catalog (in this case updated NBG, Catalog of Nearby Galaxies, Tully 1988). The merger effects and/or loss of matter are not taken into account. This, however, we do not believe to be an issue on large scales (above 4 Mpc) where we consider our reconstruction to be applicable. Q: J.-C. PECKER: The computation assumes massive points to represent galaxies; as you do not assume collisions to play a role, the process is strictly reversible, therefore I am not surprised of the success of the computation! A: R. M.: True, we assume galaxies trace dark matter on large scales. Dark matter is assumed to be “cold.” Neglecting collisional effects and dissipations, which seem to be the case as confirmed by simulations, observations and theory, enables us to trace galaxies’ orbits (taken as mass tracers) back into the early Universe. Q: J. SURDEJ: How sensitive is your reconstruction method to uncertainties on your input data? A: R. M.: The reconstructed distances are sensitive to input total radial velocities, which are given by the catalog. There are certain errors in these measurements: (1) the radial
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component of the peculiar velocities leads to redshift space distortion; (2) there are triple-valued regions due entirely to projection effects in redshift space that do not exist in real space. Such additional complications do affect the success of reconstruction. However, we have an approximate formulation for redshift space reconstruction, using real catalog.



Part V Alternative cosmologies



11 The quasi-steady-state cosmology Jayant V. Narlikar Chaire Internationale, College de France, Paris And Emeritus Professor, Inter-University Centre for Astronomy and Astrophysics, Pune, India



Abstract Reasons are given as to why the standard cosmology does not give an entirely satisfactory description of the Universe and why one needs to look for alternative cosmology. An alternative cosmology is presented in which matter creation takes place in mini-creation events at regular intervals and in response the Universe oscillates on a short-term period of ∼50 Gyr while it also has a steady (exponential) long-term expansion at a characteristic time scale of ∼1000 Gyr. The explanation of the major observed features of the Universe in terms of this cosmology is given and new observations distinguishing it from standard cosmology are proposed.



1 Introduction Any proposal to describe the Universe in terms different from the so-called standard cosmology is met with the criticism that, “If the standard model is working so well and now it is possible to quantify that model with great precision, why look for an alternative?.” Before describing the quasi-steady-state cosmology (QSSC in brief) I will therefore spend some time in pointing out the weaknesses of standard cosmology, weaknesses that rob it of many of its merits as a scientific theory. First let me talk of the three claimed successes of standard cosmology. The big-bang cosmology began with the advantage that the models predicting expansion of the Universe by Friedmann (1922, 1924) and Lemaitre (1927) came before the discovery of the phenomenon of recession of galaxies and Hubble’s law (1929). Thus one can say that as a scientific theory the big-bang cosmology made a prediction (namely, that the Universe is expanding) that was successfully verified. The second success claimed by standard cosmology is, however, of a mixed character. The early expectation of George Gamow was to be able to demonstrate that the origin of chemical elements was nucleosynthesis in the early Universe. This 139
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idea worked so far as light elements are concerned. Beyond the atomic weight 4, one needs to look towards other astrophysical processes, namely inside stars, for explaining the origin and abundances of most other nuclei. As argued by Geoffrey Burbidge (2005) in this conference, even the making of light nuclei in the big-bang nucleosynthesis (BBN) demands a rather finely tuned relation of the kind ρ = ηT 3 , with the value of the parameter η put in by hand. Moreover, as Burbidge and Hoyle (1998) have argued, alternative astrophysical scenarios are now known that could account for even the light nuclei. The third and most visible success attributed to standard cosmology was the prediction of the cosmic microwave background radiation (CMBR) by Alpher and Herman (1948) and its subsequent finding by Penzias and Wilson (1965). Again, Burbidge (2005) in this conference has given the historical perspective, which brings up the prior finding of this radiation by McKeller (1941), and the rather strange coincidence that if all the helium were made in stars, the starlight resulting from such a process would have a thermalization temperature very close to the actual temperature of the CMBR today. This coincidence remains unexplained in the standard model. For a discussion of this coincidence, see Hoyle, et al. (2000). The standard model since 1965 has acquired an image of being the right theory of the Universe, despite the fact that it has had to be modified several times since then. I shall refer to these modifications as “epicycles” in the classical Greek tradition. The first major epicycle was introduced in 1981 through the concept of inflation, i.e., rapid exponential expansion of the Universe for a very short time (∼10−36 seconds) when its linear size grew by a factor in excess of 1050 . This idea was needed to get rid of the fundamental problems of an initial space-time singularity, very small particle horizons, very large curvature, and the entropy problem. Although it is still not clear which of the several inflation ideas is the accepted one in terms of a wellestablished fundamental particle theory, the general belief seems to be to accord an uncritical acceptance to the phenomenon of inflation. Inflation prompted another epicycle when linked to dark matter. The total density of the Universe must be equal to the critical density, if the concept of inflation is correct. The visible density of the matter is hardly a few percent of this value. There are indications of dark matter in considerably larger amounts than the visible matter, if the Newton–Einstein gravity theory is correct and provided most clusters are dynamically relaxed. So it became necessary to postulate dark matter in quantities large enough to make up the closure density, even though there was no observational support for it. The next epicycle came when this density was found to be incompatible with the requirements of the BBN. It reduced the expected abundance of deuterium to nearly zero. To sustain the BBN therefore it was necessary that the bulk of the matter was declared to be “non-baryonic.” Although there are no observations to date either
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in the labs or in the cosmos to directly indicate the existence of non-baryonic dark matter (NBDM), it is now accepted uncritically. Moreover, NBDM is needed to explain why the microwave background is homogeneous at least at the level of 10−5 , for temperature fluctuations, despite the inhomogeneities of matter in the form of galaxies. In standard cosmology, matter and radiation were fully interacting in the early stages and so any inhomogeneities of one would be shared by the other. Since NBDM does not react with radiation, this problem is solved. However, further epicycles are needed on the nature of NBDM, whether it is hot (HDM) or cold (CDM) or mixed (MDM) and how it is distributed in relation to visible matter, which is specified by a biasing parameter. Additionally, structure formation theories bring their own epicycles like the transfer function, the assumption of percolation, etc. The most recent epicycle is paradoxically the very first one used in cosmology, namely that known as the cosmological constant. In 1917, Einstein introduced this constant λ into general relativity in order to get a static model of the Universe, since in those days the concept of an expanding Universe was not known. When Hubble’s observations became established, Einstein was the first to abandon this constant and revert to the original general relativity. Other cosmologists had from time to time dabbled in the usage of this constant whenever they felt that the observations demanded it. However, as has happened frequently, observational errors often turned out to have been underestimated and the need to have the constant diminished after a time. As late as 1997, most cosmologists did not feel that the constant was needed. This situation changed dramatically with Type Ia supernovae. These are regarded as standard candles in the determination of distances of far-away galaxies, with redshifts as high as ∼1 or more. The distant supernovae seemed fainter than expected if the standard models without the cosmological constant were used. So the constant (λ or ) was brought into the picture. However, it now appears that a fixed (i.e., constant) λ is not sufficient to understand the data. Today cosmologists talk of a variable cosmological constant, and a Universe that changed from deceleration to acceleration in its expansion, because the supernova data so demand. The magnitude of the cosmological constant, if it is a constant, posed a problem first highlighted by Weinberg (1989). If it is assumed that it arose out of inflation, through the phase transition from “false” to “true” vacuum, then its magnitude is too high compared with what is required by the present-day observations. The factor by which it needs to be reduced is as low as 10−108 . Thus one needs fine tuning of unacceptably high order. Going back to inflation, therefore, now it is proposed that there is today a redistribution of visible matter, NBDM, and . The last arrival on the scene takes up nearly 72% of the closure energy, the NBDM is relegated to second place at ∼24% while the visible matter that the astronomer sees accounts for only ∼4%. In other
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words, cosmology as per the standard model does not put much stress on what you see but on what you do not see. Perhaps I have been too harsh in passing judgement on a collective exercise that some of the greatest intellects in science are participating in today. But the exercise seems to me to be far more speculative than any scientific theory demands. Certainly I do not see any justification for the phrase “precision cosmology” prevalent today, suggesting that the cosmological model is more or less well determined. Another popular phrase (indicative of complacency) is “concordance cosmology,” wherein it is argued that now we know, more or less, all details of the Universe and how well they fit the overall standard paradigm. One example will suffice to indicate the unease I feel at the way the situation is developing. When astrophysicists discovered neutron stars, they realized that the theory required the central density of such a star to be as high as 1015 times the density of water. Considerable work was done by nuclear physicists and astrophysicists together to understand the nature of such matter and its equation of state. In cosmology, at the time of inflation the density of matter was in excess of 1055 times the density of water. Yet no one seems to be worried about the state of this matter. At the more fundamental level, one may also ask what is the operational definition of measurement of time at 10−36 seconds. Some of us feel that these issues are worrisome and one needs to address them in standard cosmology if one believes that therein lies the correct solution. On the other hand, one may also take the view that given these internal weaknesses of standard cosmology, searches for alternatives are not out of place. In any case supporters of the standard model often react to such criticism by asking: “Given that the standard model is wrong, do you have any alternative to offer?” It is in response to this question that I will now present an alternative approach to cosmology that was proposed by the late Fred Hoyle, Geoffrey Burbidge, and myself (see Hoyle, Burbidge, and Narlikar 1993). We refer to this cosmology as the quasi-steady-state cosmology (QSSC). 2 The quasi-steady-state cosmology: theory In this cosmology, one begins with the proposal made by Victor Ambartsumian in the 1960s that the Universe provides evidence for explosive phenomena on various scales. Today we see these in quasars, active galactic nuclei, gamma ray bursts, etc. on the galactic and extragalactic scale. Additionally Ambartsumian (1961) felt that even the clusters of galaxies seem to indicate lack of equilibrium of the kind that suggests that they may be expanding from an initial explosive origin, an origin where new matter was appearing in the Universe. In standard cosmology it is assumed that the clusters are in dynamical equilibrium and to sustain that
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assumption non-baryonic dark matter is postulated. Today, there is indication of relaxation or equilibrium in only a few clusters. Thus the issue of whether the clusters as a whole are relaxed is still an open one. Following Ambartsumian’s ideas, Fred Hoyle, Geoffrey Burbidge, and I felt that a quantitative expression can be given to them in terms of the gravitation theory developed by Hoyle and I in 1964–66, based on Mach’s principle (see Hoyle and Narlikar 1964, 1966), suitably extended to describe the creation of matter. Such a theory ultimately leads to equations like those of general relativity, together with (1) a negative cosmological constant and (2) a scalar field of negative energy and stresses to describe the creation of matter. In the usual notation these are given below: Rik − 1/2gik R + λgik = −8π G{Tik − f (Ci Ck − 1/4gik C m Cm )}



(1)



Here C is a scalar field of negative energy and pressure that describes the creation of new matter. (In standard cosmology, the space-time singularity denotes the instant when the whole Universe was created: Since the event is singular, one is permitted (?) to ignore the violation of the law of conservation of energy and momentum.) The new matter in the QSSC appears at the expense of the C-field. Thus there is overall conservation of energy and momentum in the Universe. The λ-term in this theory is related to the rest of the matter in the Universe and is in fact negative in sign. Its magnitude is of the order of 10−56 cm−2 , which is of the right magnitude when considered in the context of modern cosmological observations. (Compare and contrast with the cosmological constant problem of the standard cosmology!) For details of the derivation of the field equations, see Hoyle et al. (1995). The simplest assumption one could make about the Universe is that it is homogeneous and isotropic and that matter is created in it also homogeneously. This model is none other than the old steady-state model. However, it fails to give expression to the explosive creation events of the kind mentioned above. To describe them one needs to look at the equations in a region of strong gravitational field. The situation in the new cosmology is the following. In general the creation of matter is in the form of Planck particles, which are particles of Planck mass (corresponding approximately to energy of 1019 GeV), which are unstable and decay into smaller particles like baryons and leptons. The creation occurs, however, only if the overall energy momentum of the creation field equals the threshold of momentum of the Planck particle. This condition is not normally satisfied at a typical point in space. However, in regions of strong gravitational field the background level of the scalar field can be raised high enough for creation to occur. Take for example a massive collapsed object of mass M, spherically symmetric. One can show that if the C-field background is not strong the original Schwarzschild
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solution will provide a reasonable approximation to the actual solution in the neighborhood of M. In this case, the energy density of the C-field behaves as C m Cm ∼ (constant)/[1 − 2G M/r ]



(2)



For the creation of a Planck particle of mass m P , one must have (2) equalling m 2P , the speed of light being taken as unity. This will only happen close to the Schwarzschild radius. This is why matter is created only in pockets of strong gravitational field. Once it is created, it is also accompanied by a compensatory creation field. The latter being negative has a repulsive gravitational effect and so the created matter is ejected with large energy. Thus explosions are generated, without requiring conditions of space-time singularity as in the big bang. We term these events as minibangs or minicreation events and the massive objects, creation centers. There is a feedback mechanism between these local events and cosmology: For the locally produced explosions expand space. In the next simplest model after the steady-state theory referred to earlier, the Universe oscillates about the steady-state solution. In such a solution, the scale factor S of the Universe expands and contracts with a shorter oscillatory time scale Q compared with the longer scale of steady expansion P. In a simplified version of the solution: S = exp [t/P] × {1 + η cos (2πθ(t)/Q)}



(3)



where the parameter η is less than unity in magnitude and θ(t) is a monotonic function of t, which behaves almost as t, except close to the turning points of S. The mathematical and physical properties of such solutions has been described in detail by Sachs et al. (1996). The feedback mechanism works this way. Consider the minimum of scale factor during a local oscillation. Since the energy density of the C-field varies as S −4 , it is maximum at this stage. This enables most creation events to work fully, thus creating new matter and also a C-field, the latter causing expansion to go fast. However, as S increases, the C-field drops in strength and the creation centers begin to work less and less efficiently. This slows down the expansion of the Universe and eventually the negative cosmological constant takes over and it begins to contract the Universe. However, during the contraction stage, the C-field strength rises and more and more creation centers come on line with the result that the contraction slows down and is ultimately reversed. Thus we have a complete cycle of period Q. In such an oscillatory Universe the period Q may be as long as 50 Gyr, while the exponential time scale P is even longer at around 1000 Gyr. It is easy to see that because the magnitude of η is less than 1, the scale factor never becomes zero. The largest redshift z max one sees in the present cycle is of the order 6–10. Although the Universe has an exponential expansion, each of its oscillations is
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physically identical to the previous one. This is because creation of matter takes place (in minibangs all over the Universe) when the scale factor is at its minimum, and the intensity of the creation field is highest. This new matter compensates for the density reduction that would otherwise have taken place due to exponential expansion. Likewise, even though dissipatory processes would have increased the entropy density, the same is brought down by the low entropy new matter. The numbers quoted above are partly put in by hand and are partly related to the fundamental constants appearing in the theory, namely G, λ, and f. In all one can say that there are four independent parameters in the theory, P, Q, z max , and the epoch t0 at which we are observing the Universe. We will now see how the observable features of the Universe can be explained. 3 The QSSC: observations A. The CMBR: It is interesting to see how the microwave background arises in this cosmology. It is the thermalized relic radiation left behind by stars that were born and that shone during all the previous cycles. For, as mentioned earlier, each cycle is identical with others and in each new matter is born and gets made into stars and evolves through normal processes of stellar evolution. Although the exponential expansion of the Universe prevents any occurrence of the classical Olbers Paradox, the question remains as to what happened to all the relic radiation left behind by stars in the previous cycles. As optical radiation it will have energy density far in excess of that in the normal night sky background. The answer to the question is that with the passage of time and physical processes mentioned below, this radiation gets thermalized and is seen as CMBR. For details of this discussion see Hoyle et al. (1994, 2000). From the present stellar activity one can estimate the expected energy density of such radiation and its temperature on thermalization. The answer comes very close to 2.7 K at the present epoch! In fact, this is the same old “coincidence” referred to in Section 1, resurfacing here. However, we now see its relevance in terms of the thermalization of starlight from previous cycles. Thus it is no longer a coincidence. However, we need to know how the thermalization is carried out. The thermalization is shown to be carried out by metallic whiskers that are naturally created and ejected by supernovae. This activity is at its most effective at the oscillatory minima of the scale factor S. Chandra Wickramasinghe (2005) at this conference will discuss the details of this process and the evidence for such whiskers. Also see Narlikar et al. (1997). The dust density required to thermalize starlight is of the order of 10−34 g cm−3 , well within the limit of the cosmic metal abundances.
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One can also estimate the power spectrum of inhomogeneities since these arise from the latest thermalization of starlight (for details, see Narlikar et al. 2003). As this has cluster-wise inhomogeneity, the largest signal will be given by the angular distribution of clusters at redshifts of ∼ 6–10. This turns out to give the peak at l ∼ 200 commonly ascribed to Doppler shift at the last scattering in the standard cosmology. This is an instance of how the same observation may have a different explanation depending on the paradigm used. Since iron whiskers get aligned by intergalactic magnetic fields, it is natural to expect some signature, however weak, to be found in terms of polarization of the CMBR. This is being estimated at present. B. Light nuclear abundances: The light nuclear abundances can be explained in two modes in the QSSC. The minicreation events in the sense of high energy events are similar to the classical big bang sans singularity, of course. Thus one can show (see Hoyle et al. 1993) that light nuclei like deuterium or helium can be made in the minibangs. The density–temperature relation seems to be different, however, from that of the big bang and it demonstrates the non-uniqueness of the BBN process. Alternatively, so far as helium is concerned, one can get most of the abundance from relic helium made by stars from previous cycles. Since, over long time scales available to the QSSC, most contribution will come from low mass stars, this process does not increase the abundance of heavy elements, since these stars do not proceed to the stages of making carbon or heavier nuclei. As Burbidge and Hoyle (1998) pointed out, stellar processes can make all of the nuclei found in the Universe. Even deuterium can be made in processes like solar flares. C. Magnitude-redshift relation for Type Ia supernovae: How does the QSSC cope with the observations of m–z relations for extragalactic supernovae of Type Ia? It may appear that since standard cosmology demands a large positive cosmological constant, the QSSC with a negative λ is bound to fail. However, this is not so as was demonstrated by Narlikar et al. (2002). The solution lies in the intergalactic dust in the form of whiskers that provide mild but significant dimming of distant supernovae. One can obtain the best-fit density of such dust, keeping it as a free parameter. The result is a value that lies very well in the range required to thermalize the starlight to produce CMBR. It is, however, necessary to recall the history of this test in the period 1960–80, for galaxies, which ultimately resulted in the realization that other uncertain factors intervene to make the conclusions uncertain (Burbidge 2005). In the present case are we sure of the range of variation of the so-called standard candle? Are gravitational lensing events not introducing bias? Is there no evolution over redshifts exceeding 1? In any case, whether the QSSC is right or not, the impact of cosmic dust on this test needs to be carefully estimated: More observations are needed to find the nature and extent of intergalactic dust.
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D. Dark matter: There is no compelling need in the QSSC for non-baryonic dark matter. If such matter exists, it may form part of the total contents of the Universe. By and large in a minicreation event, one expects conditions requiring the application of very high energy physics, such as GUTs, SUSY, etc. The difference from the big-bang scenario is that here such events are repeatable and so one can study them under observations just like an astronomer studies stars under observation in different evolutionary states. The stars that have burnt out in the previous cycles will provide dark matter in the present cycle, since they are no longer shining. It is also likely that there are very faint but very old white dwarfs also forming part of dark matter. E. Large scale structure: Work by Nayeri et al. (1999) has shown with the help of a toy model that there is a new way of approaching the problem of large-scale structure. The toy model was in the form of a computer simulation with the following protocol. First take a unit cube in which randomly distribute N (∼106 ) points, representing galaxies. Of these choose at random α N points, where α = exp{3Q/P} − 1



(4)



Around each chosen point “create” a new neighbor randomly within a preassigned distance of β N 1/3 . Then expand the whole system homologously in all directions by a linear scale of exp[P/Q]. This procedure ensures that “after expansion” the cube has the same number density of points. From this expanded cube, extract the inner cube of unit dimension having the same center and the same principal directions. Thus we now have a new unit cube with the same number of “galaxies,” including a few newly created new neighbors. Repeat the procedure a few times and you see the emergence of clusters and voids. If we compute the two-point correlation function for the set of points in the cube, we discover that the distribution quickly (in 6–7 iterations) settles down to the observed r −1.8 dependence for galaxies and clusters. This suggests that creation of matter and its ejection may play a vital role in structure formation. The scenario that emerges is one in which a collapsed massive object in the creation center acquires new matter and grows, until the growth of the C-field makes it unstable and its exterior breaks apart and is ejected. Clearly work needs to be done to quantify the details of such a model. 4 Differences from the standard model Narlikar and Padmanabhan (2001) have discussed the standard and QSSC models critically. They have stressed the need to work out further details of the QSSC model
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to the same level of sophistication as that which the standard model is worked at. Nevertheless, here are some clear differences between the two models. A. Blueshifts: The QSSC predicts the existence of a population of very faint (>27m ) galaxies with blueshift not exceeding 0.1. These galaxies belong to the previous cycle close to the last maximum value of the scale factor S. B. Very old objects: The existence of very old stars belonging to the previous cycles, e.g., very faint white dwarfs and stars of half a solar mass or lower that may have become giants, will be clear indications that the Universe is much older than what the standard model claims. C. Baryonic matter: The existence of baryonic matter exceeding the limit tolerated by the standard model would be another distinguishing test. D. Gravitational radiation: The minibangs are also expected to yield detectable gravitational radiation. Although the peak emission of these waves will not be at the optimum value for the present generation gravitational wave detectors, one does expect some signal from them. Narlikar and DasGupta (1993) have made tentative estimates, which need to be further focused. They also pointed out that the spectrum of gravitational wave background generated by these minibangs will be different from that generated by inflation. Future technology may be able to express judgement on this issue.



5 Concluding remarks In the last analysis, theories and speculations have to be decided by facts. So the predictions of this alternative cosmology also deserve to be critically examined. To make them more focussed, additional work needs to be done, which requires more humanpower. This is hard to come by in the present climate wherein most cosmologists are disinclined to look at alternatives. As will be clear, the QSSC does not express an opinion on the so-called anomalous redshift phenomena discussed in this meeting. It is possible to adapt it, however, to try to find theoretical frameworks to understand these mysterious phenomena. But this also requires more workers in the field and is thus a challenge for the future.
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Discussion Comment : F. SANCHEZ : In your model, the Hubble ratio is variable, as in the big bang one. So, to explain the double large number correlation, you have to choose between: (1) a variation of the “physical constants” involved, G (as Dirac), or mp , or me , or h an d (2) admitting we live in a particular epoch, rejoining the cosmologic interpretation of Dicke or the “anthropic principle” of Carter.



Q : J.-C. PECKER : During the very dense minima of the life of the oscillating Universe, galaxies perhaps are there; uniformity is not there. How can you therefore justify the use of the homogeneous-isotropic assumptions implied by the solution of the GR equations? A : J. V. N. : The minimum scale factor phase is only about 200 times denser than the present density. Thus galaxies of previous cycles are able to survive. Moreover, the exp(t/P) part of the expansion slowly but surely wipes away inhomogeneities. A few years ago, Banerjee and I had demonstrated the stability of the quasi-steady-state solutions against small perturbations like density inhomogeneities, variations in creation rate, etc.
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Q : M. MOLES : A definitive aspect of the standard model is cosmic evolution, i.e., objects are younger at higher z-values. Some evidences has been produced about evolution of SFR (stellar formation rate), or other aspects, with z. Could you, Jayant, comment on these aspects within your QSSC? A : J. V. N. : In the QSSC, at any epoch, one should find a spectrum of ages for galaxies. Thus we may see very old galaxies from previous cycles with ages < Q, and also young galaxies born in this cycle. I believe some old galaxies at high redshift have been found. These cannot be understood in the standard model, but are quite possible in the QSSC. Q : K. WALI : What is the connection of this theory with the fundamental theory of matter – GUTs, supersymmetry, etc.? This theory may be a good theory of the observed Universe. But what about earlier states? Was the Universe always like this? A : J. V. N. : The mini-creation events are high-energy events and therein one expects the very-high-energy physics to operate, including GUTs, SUSY, etc. The difference between them and big bang is that these events have no space-time singularity and also they are repeatable. The oscillatory part of the solution describes an evolutionary Universe but the physical conditions as a whole do not vary much since the scale factor may not alter by more than 30–50. Each cycle is, however, physically similar to the previous one. Q : F. SANCHEZ : Is the Hubble radius temporally invariant in your model? If you make this variable you would have to vary proton or/and electron mass to maintain the double large number correlations: h– c/G me mp = RH /2 –λp = (MU /me )1/2



( = 1)



A : J. V. N. : The constants P and Q are two time scales of the QSSC. The de Sitter type horizon is therefore of constant radius Pc, where c is the speed of light. This replaces the constant c/H of the old steady-state cosmology.
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Q : A. BLANCHARD I have been suprised by your arguments, because after having said that the standard big bang is failing, you did present a model that includes a long list of strange ingredients to my taste, just to reproduce the basic facts supporting the standard “big bang.” My question is: “Is there any type of observation that is reasonably likely to occur in the next ten years, and that, if confirmed, will dismiss your theory in your eyes?” A : J. V. N. : The QSSC has only one “strange” ingredient, the negative energy scalar field. All other items are from standard physics. Now, to your question: If extensive searches are made and no very old objects (age > 20 Gyr) – like low mass stars, globular clusters, white dwarfs, galaxies as a whole – are found then the QSSC would lose credibility in my eyes. I should mention that, in making this reply, I am denying myself the facility to use epicycles like those used by standard cosmology. Q : F. SANCHEZ : In the QSSC cosmology, what is the status of the famous “double great number correlation – or coincidence?” A : J. V. N. : The value of the cosmological constant in the QSSC is determined from the number of particles in the observable Universe. This number is of the order of 1080 (baryons) and it gives the “correct” value of the cosmological constant.



12 Evidence for iron whiskers in the Universe N. C. Wickramasinghe Cardiff Centre for Astrobiology, Cardiff University, 2 North Road, Cardiff, CF10, 3DY, UK



Abstract We review evidence for the widespread occurrence of iron grains in the form of long slender whiskers of radii ∼0.01 µm and lengths in the range ∼5 µm and 1 mm in the Galaxy and in extragalactic sources. Such particles are characterized by their property of being able to thermalize starlight to much longer wavelengths than is possible with standard interstellar grains. The cosmological role of iron whiskers is briefly discussed. 1 Introduction The existence of iron particles as a component of interstellar grains was first proposed by Schal´en (1939), an iron composition being argued at the time by analogy with the composition of iron meteorites. Many years later we proposed that an iron component of grains may arise from the mass flows from protoplanetary nebulae, cool stars, and from the outflowing material of supernova explosions (Hoyle and Wickramasinghe 1968, 1970). Such a component was also shown to be consistent with data on the extinction curve of starlight (Wickramasinghe and Nandy 1972). In our early models, however, the iron particles were regarded as being spherical or nearly spherical in shape, with radii typically ∼0.01 µm. Particles in the form of slender whiskers were considered only much later to account for the high grain emissivities required in certain galactic infrared sources, and also as a possible contributor to the cosmic microwave background (Wickramasinghe et al. 1975, Edmunds and Wickramasinghe 1975). The extinction properties in the visual and ultraviolet waveband for iron whiskers would be nearly identical to those of spherical particles of the same radius, provided the whiskers were in random orientation.
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2 Thermalization of starlight In the late 1960s, following the discovery of the cosmic microwave background (Penzias and Wilson 1965), Fred Hoyle and the present author began to explore a variety of dust models that might lead to the thermalization of starlight into far infrared and microwave wavelengths. The close coincidence of the energy density of the 2.7 K background (∼10−12 erg cm−3 ) with the energy density of starlight in the Galaxy as well as the density of energy released from H to He conversion over a cosmological scale (Hoyle and Tayler 1964) gave an impetus for such a search. Whilst sub-micron sized spherical grains are woefully inadequate in their long-wave opacity values, graphite whiskers offered a partial solution, permitting thermalization to at least ∼100 µm (Edmunds and Wickramasinghe 1975). Calculations for mixtures of graphite whiskers with standard interstellar grains are shown in Fig. 12.1 (Wickramasinghe and Wallis 1996). After several unsuccessful attempts to find a more efficient long-wave thermalizer, we finally considered an astrophysically realistic model involving iron particles, but now in the form of long slender whiskers. To obtain optimal microwave absorption efficiencies, it turns out that we require a material (metal) with a conductivity value σ ∼1018 s−1 , which could be attributed to impure iron at cryogenic temperatures. The optical constants n, k are thus readily computed from classical electromagnetic theory giving n ≈ k ≈ (σ λ/c)1/2 , thus making it possible to calculate efficiency factors for extinction using Mie type formulae for infinite cylinders (Wickramasinghe, 1972). However, for wavelengths λ≥



1 c 4σ ln(l/a)



 2 l = λm a



these formulae cease to be strictly valid. For the case when λ  λm , however, the much simpler Rayleigh–Gans formulae for optical cross-sections can be used (Wickramasinghe, 1972). Wickramasinghe et al. (1992) considered a smooth transition between these two cases, and devised an algorithm for calculating optical cross-sections of iron whiskers of arbitrary length. Whilst a wavelength independent conductivity was used in our original work on iron whiskers, a more realistic model of the complex refractive index of iron at cryogenic temperatures was later introduced using the Drude–Lorentz theory of metals. In this case the optical cross-sections of individual iron whiskers and hence the mass extinction coefficient of randomly oriented whiskers were calculated (Wickramasinghe and Hoyle 1994).
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Figure 12.1 Mass absorption coefficient for mixtures of standard spherical submicron grains and iron whiskers. Curves marked W refer to graphite whiskers of radii a = 0.01 µm with lengths l distributed according to n(l)dl ∝ dl/dl, l > 0.02 µm. Curves (a), (b), (c), (d) are for 0.01%, 0.1%, 1%, 10% mass contributions from graphite whiskers.



3 Iron whiskers from supernovae and elsewhere The element iron is a major product of stellar nucleosynthesis and is expelled into interstellar space in the mass flows from supernovae. For an average Type II supernova a total mass of ∼0.1M of iron is produced in an iron-rich shell. The shell, starting with a temperature of 1010 K and a density of 109 gm cm−3 , expands adiabatically to reach a temperature of 1000 K at a distance of 1016 cm. The ambient density of 109 cm−3 now permits the nucleation of iron particles to occur in a time scale of the order of months with growth of condensation nuclei proceeding to radii of ∼0.01 µm. Subsequent crystal growth is then presumed to continue preferentially
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Figure 12.2 (a), (b) Tin whiskers growing in a computer circuit at the rate of ∼1 mm per year.



in one direction only defined by the axis of a dislocation (Sears, 1957). Whisker lengths of ∼1 mm would then be rapidly achieved owing to exponential growth, the whole process taking place under the conditions prevailing in a supernova shell within a time scale of ∼107 s. There are numerous laboratory studies to indicate that the growth of metal particles from a low density vapor leads to the formation of long slender whiskers (Sears, 1957; Nabarro and Jackson, 1958; Dittmar and Neumann 1958). It has been known to the chagrin of the computer industry that the growth of conducting metal whiskers often causes short circuits in certain types of tin-coated microcircuits. Fig. 12.2 shows an electron micrograph of whiskers bridging a gap between capacitor plates. The lengths of the whiskers are typically of the order of a millimeter and radii are on the general order of a few tenths of a micrometer. The precise mechanism for whisker formation on these surfaces still seems uncertain, but it has been suggested that growth occurs at nucleation sites on the surface from an overlying iron vapor. The growth of straight whiskers of diameters less than 1 µm and lengths of 1 mm is thus well documented. Furthermore it is known that growth to lengths of 1 mm (e.g., Fig. 12.2(b)) could take on the average 1 year. (See http://napp.nasa.gov/whisker/photos.)



4 Absorption by iron whiskers in the Galaxy Figure 12.3 shows the mean mass absorption coefficients for a set of randomly oriented iron whiskers of diameter 0.02 µm with varying lengths. It is evident that the wavelength of the peak absorption increases from λ ≈ 100 µm to λ ≈ 0.3 mm with increasing particle length. Figure 12.4 shows the mean mass absorption coefficient for a mixture of two lengths, 100 µm and 1mm in the mass ratio 50:1. The top
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Figure 12.3 Mass absorption coefficient of randomly oriented iron whiskers of radii a = 0.01 µm and for various values of length, l.



scale on this plot refers to wavelengths of an emitting source redshifted to z = 4.86 corresponding to a thermalizing epoch placed at this value of z (Wickramasinghe and Hoyle 1994). One of the earliest indications of iron whiskers in the galaxy came from observations of the emission spectrum of the Crab pulsar PSR0531 + 21 (Seward et al. 1985, Hoyle and Wickramasinghe 1988). Figure 12.5 shows this spectrum as a solid curve displaying a conspicuous dip over the frequency range 1011 –1012 Hz. This dramatic dip in flux can be elegantly explained on the basis of a shell of iron whiskers expanding outward at a speed of 3 × 107 cm s−1 . A total mass of iron whiskers of ∼O 1M distributed over a sphere of radius 1018 cm would then provide a column density of ∼10−5 g cm−2 , which with κmax ∼3 × 106 cm2 g−1 yields an optical depth of order unity over the required waveband. The presence of shorter iron whiskers has also been indicated by a deficit in the CII emission line intensity at 157.7 µm and in the NII line intensity at 205.3 µm towards the direction of the galactic centre (Nagakawa, et al. 1993, Bennet and
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Figure 12.4 Absorption coefficient for a mixture of iron whiskers of lengths 100 µm and 1 mm in the mass ratio 50:1.



Hinshaw, 1993). Both these far-infrared emission lines have shown a significant decline of intensity in the galactic plane towards galactic longitude lII = 0 compared with the fluxes at lII = −25o . This is in sharp contrast with the behavior of the CO line at 2.6 mm, which does not diminish over this longitude range. The most reasonable inference is that there is a selective absorption of radiation in the 100–300 µm wavelength region. The possible role of grains with lengths in the range 50–100 µm is indicated as is evident in Fig. 12.6. It can be shown that ∼103 M of iron whiskers arising from ∼103 supernovae could exist in a volume of radius ∼300 pc around the galactic center (Wickramasinghe and Okuda 1993). A more generally distributed population of iron whiskers was inferred by Dwek (2004b) from an interpretation of the infrared extinction towards the galactic center. Other localized sources of supernova-generated iron whiskers in the
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Figure 12.5 Spectrum of the Crab Nebula and Crab Pulsar showing a conspicuous dip in flux at ∼1011 –1012 Hz (adapted from Seward et al., 1985).



Galaxy are evident in the form of infrared excesses around supernova remnants, e.g., the Kepler SNR abd SNR CasA (Dwek 2004a, Morgan et al. 2003). Iron whiskers – on account of their relatively high values of mass absorption coefficient, κ ≈ 105 –107 cm2 g−1 , are able to produce the observed infrared luminosities with modest masses of grains. Models involving classical grains, on the other hand, often violate abundance constraints with excessive dust masses being required. 5 Extragalactic evidence The spectrum of the extragalactic supernova SN1987A at day 1300 displayed a behavior pattern strikingly similar to that of the Crab Nebula. The solid curve in Fig. 12.7 shows a calculation based on a model involving iron whisker emission in the vicinity of SN1987A and absorption by cold whiskers along the line of sight. Narlikar et al. (1997) have pointed out that the emission spectra of radio quasars have a conspicuous dip in flux at a wavelength close to 1.3 mm. A sample of such spectra is reproduced in Fig. 12.8, from which the similarity to the behavior of the Crab pulsar (Fig. 12.5) is strikingly evident. The cores of quasars are presumably
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Figure 12.6 Mass absorption coefficient of randomly oriented iron whiskers of various lengths as functions of wavelength. Positions of CII, NII far IR lines, and the CO mm wave line are marked on the x-axis.



Figure 12.7 The solid curve shows emission by 10−5 solar masses of iron particles, plus en-route absorption by a large optical depth of 100 µm long iron whiskers. (For details see Wickramasinghe et al. 1992.)
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Figure 12.8 Flux curves for a sample of IRAS detected radio quasars showing a dip near λ ∼ 1.3 mm. (Data from sources cited in Narlikar et al. 1997).



sites of violent star formation activity, so many supernova explosions might well contribute to an outflow of iron whiskers from these sources. Observations of millimeter wave emission from several high redshift quasars could be modeled on the basis of localized clouds of iron whiskers. Whilst the longer millimeter length whiskers with larger values of κ are quickly expelled from the vicinity of sources owing to the effect of radiation pressure (terminal speeds ∝ κ 1/2) ), shorter whiskers are slower moving and could provide longer-lived sources of circumstellar emission. The infrared emission arising from thermalization is then redshifted to the millimeter waveband due to Hubble expansion, an observed millimeter wave flux at a frequency ν corresponding to emission at the wavelength (c/ν)/(1 + z), where z is the redshift. Spectral observations of two luminous, high redshift objects BR1202–0725 (z = 4.69) and 4C41.17(z = 3.8) were modeled on the assumption of iron whiskers with a mean length of 5 µm. In each case excellent
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agreement was obtained with ∼105 M of such grains. Standard grains ∼108 M in the form of dust explain the same data.



6 Cosmological contribution With ample evidence for iron whiskers, both near supernova sources and in surrounding interstellar regions, their wider role in contributing to the cosmic microwave background cannot be dismissed lightly. Details of any whisker-based explanation of the background, however, must depend on the cosmological model being considered. In the Quasi-Steady-State Cosmology proposed by Hoyle et al. (1993) the Universe undergoes cycles of expansion and contraction with a period typically of Q ∼ 40 billion years, superposed on a more general cosmological expansion with time constant P ∼ 20Q. The energy of the observed cosmic microwave background in this model is derived from starlight accumulated over many cycles. The thermalization is carried out in two stages. First, carbon whiskers thermalize the optical starlight into far infrared photons (see Fig. 12.1) at redshifts z ∼ 4.86 when the Universe could have an optical depth of order unity from carbon whiskers, thus ensuring isotropy of the thermalized background. Next, iron whiskers (with an absorption curve given by Fig 12.5) take over, degrading the infrared radiation to yield the microwave background as observed. The thermalized microwave background emanating from redshifts z ∼ 5 would be initially unpolarized. A small degree of linear polarization, as has recently been observed, could, however, arise when this radiation passes through optically thin clouds of partially aligned iron whiskers, for example over the scale of clusters of galaxies. Whiskers with complete alignment in a particular direction would produce linear polarization close to 100%, but such an alignment is unrealistic. If the alignment arises owing to a process similar to that considered in theories of interstellar polarization, where grains spin rapidly in a magnetic field, the fractional alignment varies predominantly as B2 , where B is the magnetic field intensity. Since alignments and hence polarization of ∼1% is achieved for interstellar grains in a mean magnetic field of 10−5 gauss, polarization to the extent of 10−4 % will be achieved by iron whiskers in an intergalactic magnetic field of 10−7 gauss.
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Discussion Q : B. LEMPEL : 1. Is there dust in the surroundings of SN (M1) (association with magnetism, MHD, jets, gravitation, and temperature)? 2. Does one observe dust at the end of the jets ejected from neutron stars or from the galactic nuclei?



A : C. W. : 1. Yes, dust is certainly observed in supernovae mainly through their infrared re-emission. This was certainly the case for SN1987A, and also in other instances. 2. Galactic nuclei also tend to be very dusty, and are strong emitters of infrared, again implying dust.
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Q : M. DISNEY : Surely the modern measurements of CBR, and in particular its isotropy and the exactness of fit to a BB spectrum, rule out its generation in any localized mechanism, such as iron whiskers. A : C. W. : This depends on the particular cosmological model one chooses. In the QuasiSteady-State Cosmology of Hoyle, Burbidge, and Narlikar, the thermalization occurs at high redshifts, z > 5, and the starlight over several oscillatory cycles is supposed to contribute to the thermalized background. Q : J.-C. PECKER : I want to remind the audience of the excellent paper by Jean Lef`evre, published in Annales d’Astrophysique in the sixties. Lef`evre obtained from laboratory arcs in an inert atmosphere many iron whiskers, aligned by electric forces, collected, and observed in detail through an electronic micrcoscope. A : C. W. : Yes, that is certainly a very interesting paper you refer to. In fact whiskers, metal whiskers in particular, seem to be a fact of life in the Universe. Q : J. SULENTIC : I might suggest the quasars as a source of the iron whiskers. Circumstantial evidence includes: 1) About 60–70% of quasars show strong Fe emission lines (not to mention cold Fe via the Fe Kalpha line at 6.4 keV). Solar or supersolar abundances are typically found. 2) The same 60–70% show evidence for a strong wind or outflow (via blueshifted lines like CIV 1549). 3) The above are observed in quasars at all redshifts (0 < z < 6).



A : C. W. : Yes, quasars are probably sites of active star formation, and supernova explosions. This would explain the high iron abundances in the cases you refer to. I think that whisker formation must surely accompany the explosions of supernovae in these objects, and the iron whiskers will be injected at high speed into the intergalactic medium along with the outflowing gas.



13 Alternatives to dark matter: MOND∗ + Mach David Roscoe Applied Maths, Sheffield University, Sheffield S3 7RH, UK



Abstract Modified Newtonian dynamics (MOND) is an empirically motivated modification of Newtonian gravity (or, equivalently, of inertia) suggested by Milgrom as an alternative to cosmic dark matter. The basic idea is that at accelerations below √ a0 ≈ 1.2 × 10−10 m s−2 the effective gravitational attraction approaches gn a0 , where gn is the usual Newtonian acceleration. This simple algorithm yields flat rotation curves for spiral galaxies and a mass-rotation velocity relation of the form M ∝ V 4 that forms the basis for the observed luminosity-rotation velocity relation – the Tully–Fisher law. The second approach, considered only very briefly here, is theoretically motivated and based on a hardline interpretation of Mach’s principle. 1 Introduction The appearance of discrepancies between the Newtonian dynamical mass and the directly observable mass in large astronomical systems has two possible explanations: Either these systems contain large quantities of unseen matter, or gravity on these scales is not described by Newtonian theory. Most attention has focused on the first of these explanations, the so-called CDM paradigm, which, whilst enjoying undeniable success cosmologically, also encounters severe observational difficulties within the context of the predicted distribution of dark matter in galactic systems (e.g., McGaugh and de Blok 1998a, Sellwood and Kosowsky 2001). There is no space here to discuss the possible problems with the CDM hypothesis and we merely comment that, as of 2004, candidate dark matter particles have not been detected by any means independent of their putative global ∗



This article is partly the article that Bob Sanders, who was unable to attend the Paris meeting, might have written and that part of it that deals explicitly with MOND is largely drawn from a substantial review article by Sanders and McGaugh (2002) and Figs. 13.1 and 13.3 are reproduced with their permission.
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gravitational effect. It is this latter circumstance that justifies looking elsewhere for explanations of observed discrepancies in large gravitating systems. To be credible, any alternative to dark matter should provide a more efficient description of the phenomenology and should make contact with familiar physical principles. To date, there are only two suggestions that begin to meet these requirements: The first (the one considered in most detail here) is Milgrom’s empirically motivated MOdified Newtonian Dynamics, MOND (Milgrom 1983a,b,c,). The successes of the MOND hypothesis on scales ranging from dwarf spheroidal galaxies to super-clusters and its success (with the addition of certain reasonable assumptions) in predicting the acoustic peaks in WMAP data make it extremely difficult to ignore it as a viable alternative to the CDM paradigm. The second (considered only very briefly here) is Roscoe’s theoretical approach based upon a hardline interpretation of Mach’s principle (Roscoe 2002,2004). Compared with MOND, this approach has had only limited development but, even so, it has enjoyed considerable success and must also be considered as currently viable.



2 Basis of MOND 2.1 An acceleration scale The basis of MOND consists of two observational “facts” about spiral galaxies. 1. The rotation curves of spiral galaxies are asymptotically flat (Shostak 1973, Roberts and Whitehurst 1975, Bosma 1978, Rubin et al. 1980). 2. There is a well-defined relationship between the rotation velocity in spiral galaxies and the luminosity – the Tully–Fisher (TF) law (Tully and Fisher 1977, Aaronson et al. 1982), which implies a mass-velocity relationship of the form M ∝ V α , where α ∼ 4.



As several authors over the years have noted, the first of these two facts can be accounted for in an ad hoc way by proposing that gravitational attraction becomes more like 1/r beyond some length scale that is comparable to the scale of galaxies. So the modified law of attraction about a point mass M would read F=



GM f (r/r0 ) r2



where r0 is a new constant of length on the order of a few kpc, and f (x) is a function with the asymptotic behavior: f (x) = 1, where x  1 and f (x) = x, where x  1. However, it is easily seen that equating the centripetal to the gravitational acceleration for r > r0 leads to the relation v 2 = G M/r0 , which, as Milgrom (1983a) realized, is incompatible with the observed TF law, L ∝ v 4 . Additionally, any modification attached to a length scale would imply that larger
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galaxies should exhibit a larger discrepancy (Sanders 1986) – but this is strongly contrary to the observations since low surface brightness spiral galaxies generally exhibit the largest discrepancies (McGaugh and de Blok 1998a). Milgrom’s brilliant insight was to recognize that the TF relation implied that any modifications of Newton’s law should be tied to an acceleration scale rather than a distance scale. Thus, (skating over a few issues) Milgrom reasoned that in a very weak acceleration regime, the true gravitational acceleration g should be related to the Newtonian gravitational acceleration g N as g2 ∼ g N . Or, more formally, for the whole acceleration regime gµ(|g| /a0 ) = g N where a0 is a new physical parameter with units of acceleration and µ(x) is a function that is unspecified but must have the asymptotic form µ(x) = x when x  1 and µ(x) = 1 when x  1. Thus, in the weak-field regime, the magnitude √ of the effective gravitational force becomes: g = gn a0 . For a point mass M, setting g equal to the centripetal acceleration v 2 /r gives v 4 = G Ma0



(1)



in the low acceleration regime. Thus, we obtain constistency with the original observational facts: r All rotation curves of isolated masses are asymptotically flat. r There is a mass-luminosity relation of the form M ∝ v 4 consistent with the TF relation.



It is important to note that because MOND is based rigidly on the two observational “facts” alluded to at the beginning of the section then it is eminently falsifiable. For example, the unambiguous observation of a rotation curve of an isolated galaxy that declines in a Keplerian fashion at a large distance from the visible object would falsify MOND. Furthermore, it is important to note that MOND has only one free parameter – the mass-to-light ratio of the visible component of the object being modeled. By contrast, it is very difficult to conceive of observations that would falsify the multi-parameter CDM paradigm and it is in this sense that one could argue that CDM is not a scientific hypothesis. See McGaugh and de Blok 1998b and McGaugh et al. 2000 for a discussion of various issues of this nature. 2.2 Subsequently confirmed general predictions of MOND Apart from the startling success enjoyed by MOND in modeling the dynamics of LSBs in particular (see, for example, Fig. 13.1), there are several other direct observational consequences of the modified dynamics – all of which Milgrom
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Figure 13.1 Rotation curves for a mix of LSB and HSB spirals. Filled circles are the observations, the solid lines are the MOND rotation curves whilst the dotted and dashed lines are the Newtonian rotation curves of the visible and gaseous components. Diagram by kind permission of Bob Sanders and Stacy McGaugh.



explored in his original papers – that are genuine predictions of MOND. They can be listed as follows. 1. There exists a critical value of the surface density m ≈ a0 /G. If a system, such as a spiral galaxy, has a surface density of matter greater than m , then the internal accelerations are greater than a0 , so the system is always in the Newtonian regime. Thus, in HSB
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galaxies (  ≥ m ) the visible mass should largely account for the observed dynamics according to Newton; that is, HSB galaxies should be well represented by “maximal disc” solutions (van Albada & Sancisi 1986). But in LSB galaxies (   m , of which none had been observed when Milgrom made his original prediction) the visible mass would be incapable of accounting for the observed dynamics according to Newton. Milgrom’s predictions have been amply verified – see, for example, McGaugh & de Blok (1998a,b). 2. MOND predicts the existence of a maximum surface density for spirals (see, for example, McGaugh et al. 1995b, McGaugh 1996) and this prediction is consistent with the observed upper limit on the mean surface brightness of spiral galaxies known as Freeman’s law (Freeman 1970, Allen and Shu 1979). To conform with Freeman’s law, such an upper limit must be put in by hand in dark matter theories (e.g., Dalcanton et al. 1997). 3. The optical disks of spiral galaxies with mean surface densities near this limit (HSBs) will be within an approximate Newtonian regime. Thus, according to MOND one would expect to see Keplerian fall-off to flatness in such rotation curves whilst, by contrast, it predicts that the rotation curves for LSBs (   m ) should rise continuously to flatness. This general qualitative difference between LSB and HSB rotation curves was first noted by Casertano and van Gorkom (1991). See Fig. 13.2 for typical examples. 4. According to Newtonian dynamics, near-isothermal pressure-supported systems have infinite mass. However, according to MOND such systems have finite mass with the density at large radii falling approximately as r −4 (Milgrom 1984). More particularly, according to MOND, a0 appears as a characteristic acceleration in such systems and m appears as a characteristic upper-limit surface density (Milgrom 1984). Fish (1964) pointed out that elliptical galaxies exhibit a constant surface brightness within an effective radius. Subsequently, Corollo et al. (1997) showed that, within the general class of pressure-supported systems, there appears to be a characteristic surface brightness, which is on the order of that implied by m , i.e., the Fish law is recovered for the larger set of pressure-supported objects.



This list of genuine predictions that have been subsequently confirmed is to be compared with the total absence of corresponding predictions of the CDM model. 3 An alternative to MOND It is well known that MOND is a purely phenomenologically derived algorithm for calculating the dynamics within astrophysical systems, and much effort has been put into searching for the “theory behind MOND” by Milgrom and collaborators – to date (2004) without success. An alternative approach, theory-driven and based entirely upon a particularly strong interpretation of Mach’s principle, has been developed by this author (Roscoe 2002a, 2004). The successes of this approach, particularly in the modeling of LSB dynamics, raise the possibility that it might be the elusive “theory behind MOND.”
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Figure 13.2 The filled circles show the observed 21-cm line rotation curves of a low surface brightness spiral, NGC1560, and a high surface brightness galaxy, NGC2903. The solid lines are the MOND rotation curves whilst the dotted and dashed lines are the Newtonian rotation curves of the visible and gaseous components. Diagram by kind permission of Bob Sanders and Stacy McGaugh.



3.1 The simple cosmology The first paper (Roscoe 2002a) took the point of view that, since all our concepts of measurable “space and time” are irreducibly connected to the existence of material systems and to processes within such systems, then these concepts are, in essence, metaphors for the relationships that exist between the individual particles (whatever these might be) within these material systems. Since the most simple conception of physical space and time is that provided by inertial space and time, we were led to two simple questions:
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Is it possible to associate a globally inertial space and time with a non-trivial global matter distribution and, if it is, what are the fundamental properties of this distribution?



In the context of the simple model analyzed, we were led to definitive answers to these questions so that: r A globally inertial space and time can be associated with a non-trivial global distribution of matter. r This global distribution is necessarily fractal with D = 2.



That is, according to this simple cosmology, there is a fractal D = 2 distribution of material, which is everywhere in dynamical equilibrium. This is entirely consistent with what is now a general concensus – at least on distance scales of ∼ 40 Mpc h−1 .



3.2 Gravitational processes within this cosmology The first paper (Roscoe 2002) was essentially concerned with the nature of the inertial frame. The nature of gravitational processes within the resulting equilibrium cosmology was developed in the second paper (Roscoe 2004). Basically, these were considered to arise as perturbations of the D = 2 equilibrium distribution of material and the specific case of a cylindrical perturbation, used as a model of an idealized spiral galaxy, was developed in detail. This development led to many successes but primary amongst these within the general MONDian context of this article are the following: r The analysis of large samples of optical rotation curves within the context of predictions made by the theory led to the automatic recovery of the classical Tully–Fisher relations properly calibrated for both I -band and R-band photometry according to the photometry used in the sample being analyzed. r The same analysis provided a Tully–Fisher-type relation between the characteristic radius of a spiral galaxy and its luminosity properties. r The theory was used to model the dynamics of a sample of eight LSB galaxies provided by McGaugh and gave results that are indistinguishable from those given by the MOND algorithm. (See Fig. 13.3.)



4 Conclusions We have discussed briefly two possible alternatives to the multi-parameter CDM paradigm – both, at the time of writing, viable. The first, MOND, which has one free parameter (the mass-to-light ratio), has been around for about twenty years, has been shown to work extremely well in very many distinct circumstances, has a strong record of successful prediction, and
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14 Anthropic principle in cosmology Brandon Carter LuTh, Observatoire de Paris-Meudon, France



Abstract A brief explanation of the meaning of the anthropic principle – as a prescription for the attribution of a priori probability weighting – is illustrated by various cosmological and local applications, in which the relevant conclusions are contrasted with those that could be obtained from (less plausible) alternative prescriptions such as the vaguer and less restrictive ubiquity principle, or the more sterile and restrictive autocentric principle.



Introduction Having been asked to contribute a discussion of the anthropic principle for a colloquium on cosmology, I would start by recalling that although its original formulation [1] was motivated by a problem of cosmology (Dirac’s) and although many of its most interesting subsequent applications (such as the recent evaluation [2] of the dark energy density in the Universe) have also been concerned with large scale global effects, the principle for which I introduced the term “anthropic” is not intrinsically cosmological, but just as relevant on small, local scales as at a global level. In retrospect I am not sure that my choice of terminology was the most appropriate, but as it has now been widely adopted [3] it is too late to change. Indeed the term “anthropic principle” has become so popular that it has been borrowed to describe ideas (e.g., that the Universe was teleologically designed for our kind of life, which is what I would call a “finality principle”) that are quite different from, and even contradictory with, what I intended. This presentation will not attempt to deal with the confusion that has arisen from such dissident interpretations, but will be concerned only with developments of my originally intended meaning, which I shall attempt to explain in the next section.
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Meaning of the anthropic principle Whenever one wishes to draw general conclusions from observations restricted to a small sample it is essential to know whether the sample should be considered to be biased, and if so how. The anthropic principle provides guidelines for taking account of the kind of bias that arises from the observer’s own particular situation in the world. Although frequently relevant to purely local applications, the anthropic principle was originally formulated in a cosmological context as a reasonable compromise to two successively fashionable extremes. The first of these was what might be described as the autocentric principle, which underlay the pre-Copernican dogma to the effect that as terrestrial observers we occupy a privileged position at the center of the Universe. The opposite extreme was the more recent precept describable as the cosmological ubiquity principle, but commonly referred to just as the cosmological principle, which would have it that the Universe is much the same everywhere, having no privileged center, and that our own neighborhood can be considered as a typical random sample. To put it more formally, in conventional Bayesian terminology, the a-priori probability distribution for our own situation was supposed, according to the autocentric principle, to have been restricted to the region where we actually find ourselves, whereas according to the ubiquity principle it was supposed to have been uniformly extended over the whole of space-time. Thus according to the autocentric principle we could infer nothing at all about the rest of the Universe from our local observations, whereas according to the ubiquity principle we could immediately infer that the rest of the Universe was fairly represented by what we observe here and now. As a reasonable compromise between these unsatisfactory over-simplistic extremes, the anthropic principle would have it that – within the context of whatever theoretical model may be under consideration – the a-priori probability distribution for our own situation should be prescribed by an anthropic weighting, meaning that it should be uniformly distributed, not over space-time (as the ubiquity principle would require), but over all observers sufficiently comparable to ourselves to be qualifiable as anthropic. Of course if the qualification “anthropic” were interpreted so narrowly as to include only members of our own human species, then the cosmological implications of the anthropic principle would reduce to those of the scientifically sterile autocentric principle, but it is intended that the term “anthropic” should also include extraterrestrial beings with comparable intellectual capabilities. Thus, unlike the autocentric principle, but like the ubiquity principle, the anthropic principle has non-trivial implications that can be subjected to empirical verification. The prototype example was provided by the famous debate [4] between Dirac and Dicke about
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whether the strength of gravitation should decrease in proportion to the expansion of the Universe. Subsequent work has shown rather conclusively that Dirac’s prediction (that it would), which was implicitly based on the cosmological ubiquity principle, must be rejected in favour of Dicke’s prediction (that it would not), which was implicitly based on the anthropic principle. (This debate illustrates a common source of misunderstanding in this area, which is that relevant but questionable principles tend to be taken for granted tacitly, and even subconsciously, rather than being made explicit.) If it were necessary to be more precise, one would need some kind of microanthropic principle specifying the notion of anthropic weighting in greater detail, dealing with questions such as whether it should be proportional to the longevity and erudition of the individuals under consideration. (For example, should someone like Dirac or Dicke qualify for a higher weighting than a child who dies in infancy before even learning to count?) I have recently shown [5] how this issue provides insights that are useful for the fundamental problem of the interpretation of quantum theory. The strong anthropic principle For the crude qualitative applications of the anthropic principle that have been discussed so far in the scientific literature, the fine details dealt with by the microanthropic principle [5] are in practice unimportant. There is, however, a refinement of a rather different kind that plays a significant role in the published literature. This is the distinction between what are known as the “strong” and “weak” versions of the anthropic principle. In the ordinary, widely accepted, “weak” version the relevant (anthropically weighted) a-priori probability is supposed to concern only a particular given model of the Universe, or a part thereof, with which one may be concerned. In the more controversial “strong” version the relevant anthropic probability distribution is supposed to be extended over an ensemble of cosmological models that are set up with a range of different values of what, in a particular model, are usually postulated to be fundamental constants (such as the well-known example of the fine structure constant). The observed values of such constants might be thereby explicable if it could be shown that other values were unfavorable to the existence of anthropic observers. However if (as many theoreticians hope) the values of all such constants should turn out to be mathematically derivable from some fundamental physical theory, then the “strong” version of the anthropic principle would not be needed. A prototype example of the application of this “strong” kind of anthropic reasoning was provided by Fred Hoyle’s observation [6] that the triple alpha process, which is necessary for the formation (from primordial hydrogen and helium) of the
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medium and heavy elements of which we are made, is extremely sensitive to the values of the coupling constants governing the relevant thermonuclear reactions in large main sequence stars. This contrasts with the case of the biochemical processes (depending notably on the special properties of water) to which such considerations do not apply, despite the fact that (as discussed by Barrow and Tipler [7]) they are also indispensible for our kind of life. The relevant biochemical properties are not sensitive to the values of any physical coupling parameters but are mathematically determined by the quantum mechanical consequences of the special properties of the three-dimensional rotation group. Although it does not affect the chemistry of the light and medium weight elements that play the dominant role in ordinary biochemistry, the particular value (approximately 1/137) of the electric coupling parameter that is (appropriately) known as the “fine structure” constant is more significant for the – less biologically relevant – details of heavy element chemistry. Of potentially greater “strong” anthropic relevance, however, is the effect [1] of the “fine structure” constant on the convective instabilities that are probably important for the creation of planets during main sequence star formation. A particularly topical application [2, 8] of the “strong” anthropic principle concerns the recently estimated value of Einstein’s cosmological repulsion constant on the supposition that it is identifiable with what is commonly referred to as the “dark energy density” of the Universe. If this parameter had been much larger (as might have been naively expected from fundamental physical considerations) then the Universe would have already been inflated to such a low density at such an early stage in its life after the big bang that the galactic and stellar structures needed for our life systems would never have been able to condense out at all. Although far from tautological, but of considerable scientific interest from the point of view of explaining the environment in which we find ourselves, the foregoing examples do not actually provide direct predictions of facts that are not already well established. However, the next section will describe examples in which the anthropic principle provides genuine predictions in the form of conclusions that remain unconfirmed and even controversial. Anthropic prediction Although oversimplified expressions of the anthropic principle (such as the version asserting that life exists only where it can survive) reduce to mere tautology, the more complete formulation (prescribing an a-priori probability distribution) can provide non-trivial predictions that may be controversial, and that are subject to rational contestation since they are different from what would be obtained from alternative prescriptions for a-priori probability, such as the ubiquity principle that would
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attribute a-priori (but of course not a-posteriori) probability even to uninhabited situations. The example that seems to me most important was provided by the prediction [9] that the occurrence of anthropic observers would be rare, even on environmentally favorable planets such as ours. This prediction was based on the observation that our evolutionary development on Earth has taken a substantial fraction of the time available before our Sun reaches the end of its main sequence (hydrogen burning) life. This would be inexplicable on the basis of the ubiquity principle, which would postulate that the case of our planet was typical and hence that life like ours should be common. On the basis of the anthropic principle it would also be inexplicable if one supposes that biological evolution can proceed easily on time scales short compared with those of stellar evolution, but it is just what would be expected if the biological evolution of life like ours depends on chance events with characteristic time scales long compared with those of stellar evolution. The (as yet unrefuted) implication that I drew from this (more than twenty years ago) was that the search for extraterrestrial civilizations was unlikely to achieve easy success. I have found, however, that such conclusions tend to be unpopular in many quarters, presumably because they involve limitations on the extent and more particularly the duration of civilizations such as ours, which (in lieu of personal immortality) many people would prefer to think of as everlasting. In the words of Dirac (when refusing to accept Dicke’s effectively anthropic reasoning [4]) the assumption to be preferred is “the one that allows the possibility of eternal life.” One of the most remarkable attempts to show that – despite the inexorable action [10] of the entropy principle commonly known as the Second Law of thermodynamics – life could after all continue to exist in the arbitrarily distant future, has been made by Freeman Dyson [11], whose recent intervention in a related debate [12] provides another striking example of the kind of misunderstanding the anthropic principle was meant to help avoid. However, the issue on this occasion is not the very-long-term future of life in the Universe, but the more immediate question of the future of our own terrestrial civilization in the next few centuries. Apparently under the influence of wishful thinking reminiscent of Dirac’s, Dyson has strongly objected to a thesis developed particularly by Leslie [13] (and from a slightly different point of view by Gott [14]) of which a conveniently succinct discussion with a comprehensive review of the relevant literature was provided by Demaret and Lambert [15]. The rather obvious conclusion in question is that the anthropic principle’s attribution of comparable a-priori weighting to comparable individuals within our own civilization makes it unlikely that we are untypical in the sense of having been born at an exceptionally early stage in its history, and hence unlikely that our civilization will contain a much larger number of people born in the future.
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The foregoing reasoning implies that our numbers will either be cut off fairly soon by some (presumably [9] man-made, e.g., ecological) catastrophe (the “doomsday” scenario [13]) or else (more “optimistically”) will be subject to a gradual (controlled?) decline that must start even sooner but that could be relatively prolonged. Despite the fact that such conclusions can be and have been drawn independently (without recourse to anthropic reasoning) from other considerations of an economic or environmental nature, Dyson persists [12] in denying their validity, thereby implicitly repudiating the anthropic weighting principle on which they are based. Dyson’s position seems to be based on what might be called the “autocentric principle” (the extreme opposite to the “ubiquity principle”) as referred to above, whereby one attributes a-priori probablity only to one’s actual position in the Universe. A supposition of this commonly (but usually subconsciously) adopted kind makes it legitimate for Dyson to rule out the use of the Bayes rule as something that is redundant (albeit not strictly invalid) because, according to this autocentric principle, no a-priori probability measure is attributable to anything inconsistent with what has already been observed. However, (quite apart from its failure to face the ecological considerations leading to the same conclusions) Dyson’s wishful thinking in this context seems even less intellectually defensible than Dirac’s ubiquitism, because the autocentric principle effectively violates Ockham’s razor by its solipsistic introduction of an artificial distinction between “oneself” and other manifestly comparable observers.
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Discussion Comment: A. BLANCHARD : I was wondering how much your conclusion is not entirely built on the assumptions that you start from (i.e., you get the parameters that are more or less those that correspond to the values that triggered the assumptions used). For instance, if you accept that non-linear objects might form when the Universe is 10 seconds, life will still be possible with very different cosmological parameters. Comment : F. SANCHEZ I have shown you a project paper where there is a number of very precise (10−2 to 10−4 ) correlations, involving large numbers, based on an elementary Dimensional Analysis. Since the cosmologic application of your biologic anthropic principle is based on rough coincidences (one order magnitude) I refute such an interpretation.
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15 Anomalous redshifts H. Arp Max-Planck-Institut f¨ur Astrophysik, Karl Schwarzschild-Str.1, Postfach 1317, D-85741 Garching, Germany



Abstract The time has come to stop calling measured redshifts of extragalactic objects “anomalous” or “discordant.” Observational evidence over 38 years has made it clear that objects at the same distance from the observer can have strongly differing redshifts. Rigorous solutions of the basic mass, energy, and momentum equations show that redshift is primarily a function of the age of the matter constituting a galaxy. Reluctance to accept these results is blocking meaningful advance in physics and cosmology.



1 Introduction Starting in 1966 evidence began to accumulate that high redshift quasars were physically associated with low redshift, relatively nearby galaxies. Of course the existence of even one redshift not caused primarily by recession velocity would negate the fundamental assumption on which all big-bang cosmology depends. In the ensuing 38 years a majority of extragalactic astronomers have built a complex and massively publicized edifice on the assumption that redshifts are an identical measure of distance. During these same decades a minority of astronomers have struggled to observe and report the increasingly powerful evidence that contradicts that crucial assumption. In the present review we show only samples of this contradictory observational evidence taken from a body of evidence that is now too large for even book-sized discussions. Once the empirical rules of association are laid down the pictures and diagrams communicate at a glance more eloquently than text. As a result we will communicate here the main thread of the argument in pictorial form. Some criticisms that are used against this evidence can be refuted in advance:
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1. Argument Quasars are the nuclei of host galaxies that have the same redshift. Since the host galaxies must be at their redshift distance, quasars must also be at their redshift distance. Answer: When the material that makes up the quasar expands into a resolvable galaxy, all the material has the same intrinsic redshift. Evolution of quasars into galaxies is supported by much observational evidence that the redshift of essentially the whole of younger companion galaxies is intrinsic. 2. Argument Alignments of quasars and other high redshift objects across galaxies are not meaningful because the probability estimates are a posteriori. Answer: The first alignment is a posteriori. Each subsequent alignment is confirmation of an a-priori prediction. Moreover the improbabilities compound as each new case is discovered. The stated characteristics are closeness of bright objects, their alignment, their centering, and the similarity of the aligned objects. These are all properties expected of objects ejected from active galaxies.



The empirical evidence for this picture is statisically so strong that it is embarrassing to mention numbers. In addition there is much direct evidence of high redshift objects linked by optical, X-ray, and radio filaments to active galaxies of much lower redshift. Some samples will be shown here and some discussion of the observational consequences of ejection of low particle mass matter will be given. The overridingly important message of this presentation is, however, that the conventional assumption about extragalactic redshifts is drastically incorrect. Almost every current conclusion about cosmology, origins, and physical processes in the Universe needs to be reassessed and replaced.



2 A quasar 8 arcsec from the nucleus of the Seyfert NGC 7319 We start with the most recent discovery of a high resolution Chandra X-ray source very close to the nucleus of the very active Seyfert Galaxy in Stephan’s Quintet. The Seyfert is ejecting radio plasma, X-rays, and emission line gas. Figure 15.1 shows an optical filament coming out of the nucleus and bending toward the quasar, stopping about 2 arcsec from it. The galaxy has a redshift of z = 0.0225 and the quasar has been observed with a Keck 10 meter telescope to have a redshift of z = 2.11 (see for details P. Galiani, E. M. Burbidge, H. Arp, G. R. Burbidge, V. Junkkarinen, and S. Zibetti, ApJ, 620, 88, 2005). There are four arguments one can make that these two objects of vastly different redshift are physically interacting:
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Figure 15.1 HST image of the central region of NGC 7319 showing optical extension to the ULX/quasar 8 arcsec south of the nucleus. The redshift of the galaxy is z = 0.022 and the quasar z = 2.11. 1. The significance of X-ray sources of this strength clustering within 10 –25 distance on the sky around bright Seyferts is of the order of 7.5 sigma (Radecke 1997, Arp 1997). But the distance of the NGC 7319 source from its nucleus is only 8 , which is an area 3.3 × 10−5 smaller. Therefore the probability of an unrelated X-ray source falling this close to the Seyfert nucleus is negligible. Their proximity is the reason why such sources, called ultra-luminous X-ray sources (ULXs), have been routinely regarded as black hole binaries belonging to the galaxy. (But see Arp et al., 2004 where 24 out of 24 have been measured to be high redshift quasars.) 2. The Seyfert inner regions are so dusty and obscured that it is extremely unlikely that a backround object could show through. The quasar shows no indication of being excessively reddened. 3. The gas in the end of the galaxy in which the quasar is situated shows strong forbidden emission lines. In fact the low density forbidden line [O I I ] is so strong and extended that it must form some sort of a low density halo around that end of the galaxy. The only source of ionization would be the quasar pumping ionizing photons into this feature from its redshifted Lyman alpha and blueward continuum. In fact Aoki et al. (1996) without knowledge of the [O I I ] line or the quasar calculated at least an order of magnitude deficit of ionizing photons just for the rest of the emission lines in this end of the NGC 7319 inner regions. 4. The X-ray material, the radio material, and the excited gas are all rushing out of this end of the Seyfert nucleus. The compact synchrotron source, the quasar, seems also to have come out with this ejection of material. The observations are concordant with all previous evidence for ejection of quasars, except now the high resolution X-ray and
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optical telescopes have allowed us to look into the inner regions where the high redshift quasar is just starting its voyage out into extragalactic space.



3 Ejection of radio quasars It is now possible to go back to the beginning and understand more of the various proofs of an ejection origin of quasars and how they fit together in a useful model. It was long ago accepted that radio emitting material is ejected, usually paired in opposite ejections, from the centers of active galaxies. The major additional property of the subsequent, so-called anomalous, observations is that some of this material can have much higher redshift than the central galaxy. The strong pairs of radio sources like the famous 3C273 and 3C274 across the brightest galaxy in the Virgo Cluster (Arp 1966, 1967) first indicated that a quasar could be at the same distance as a nearby, low redshift galaxy rather than at the much larger distance indicated by its redshift. But when the all-sky surveys at Parks and Cambridge were completed and investigated spectroscopically it became possible to work with complete samples of radio quasars. Figure 15.2 shows a pair of 3C radio quasars across the disturbed pair of galaxies NGC 470/474 (Arp, Atlas of Peculiar Galaxies No. 227). Quasars this radio bright are very rare (a total of 50 over the northern hemisphere). This yields a frequency of only one per 320 sq. deg. and a chance of only 5 × 10−6 of finding both so close to an arbitrary point in the sky. We then calculate the chance that they are also accidentally aligned within a degree or so, that they are equally spaced across the centroid within about 10%, and that their redshifts are within 0.09 of each other out of a range of about 2. All this combines to a probability of about 3 × 10−8 that this can be an accidental association (about three chances in a hundred million). Note that this is not an a-posteriori probability because for 38 years many examples of paired quasars across active galaxies have been found with just these characteristics. In fact it is the confirmation of a predicted configuration at a significance level that should be considered conclusive. An almost identical association is shown in Fig. 15.3. There the central object is a bright starburst galaxy with a blue jet arm extending out to the WNW. Its redshift is z = 0.009, very much like the z = .008 of the galaxies in the preceding Fig. 15.2. Also as in the preceding example, two 3C radio quasars of very similar redshift (z = 0.22 and 0.29) are paired at only slightly greater distances across the active galaxy. To have two such associations at this probability level is extraordinarily compelling. And, of course, very similar pairings are found in the southern hemisphere where the bright radio sources are Parks rather than 3C Cambridge Survey Sources (see Catalog of Discordant Redshift Associations; Arp 2003).
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Figure 15.2 NGC 470/474 (Arp 227). Two disturbed galaxies with a pair of strong, 3C radio quasars (z = .765 and .672) paired across them. Accidental probability of this alignment is 3 × 10−8 .



As a culmination to this sample of galaxy/radio quasar associations we show the closest known in Fig. 15.4 – a 3C radio source which had two redshifts. In the paper reporting this (Tran et al. 1998), the abstract ended with the statement “Our data reveal a chance alignment of 3C 343.1 with a foreground galaxy, which dominates the observed optical flux from the system.” It was a simple matter, however, to look up the high resolution radio map (Fanti et al. 1985) and find the two objects linked together by a radio bridge as shown here in Fig. 15.4. We now calculate some probabilities of this being a chance alignment and show how the configuration follows the rules of many previous physical associations. A circle of 0.25 arcsec radius subtends an area of 1.5 × 10−8 sq. deg. on the sky. In the now essentially completely identified 3C Catalog there are about 50 radio quasars. Assuming 23 000 sq. deg. to Dec. = −5 deg., we compute 2.2 × 10−3 such quasars per sq. deg. This gives a probability of 3 × 10−11 of accidentally finding the z = 0.750 quasar within 0.25 arcsec of the z = 0.344 galaxy. However, even if we do not consider the radio material linking them a conclusive physical bridge, we must still estimate the accidental possibility that the radio tail
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Figure 15.3 NGC 7541, a bright starburst galaxy with a blue jet/arm and z = 0.009 falls between two strong, 3C radio sources, which are now identified as quasars with z = 0.29 and 0.22.



from the galaxy points within a few degrees to the quasar and similarly from the quasar back to the galaxy. This would give a further improbability of (±2/90)2 = 5 × 10−4 . The combined probability of this configuration being chance is of the order of 10−14 .



4 Ejection of X-ray quasars One of the reasons we know radio sources are ejected is that we observe radio emitting gas moving outward in jets that terminate on extended clouds of radio emission. Since the advent of X-ray astronomy we can also observe narrower, higher density X-ray jets emerging from active galaxies, some as narrow cores to the radio ejections. In the case of pairs and lines of X-ray sources ejected from active galaxies, however, almost every point X-ray source can be established as a high redshift quasar. Why do many radio sources appear as blank fields with no optical object? In the past Arp has suggested that radio/X-ray quasars on their way out of the inner regions of galaxies or through the intergalactic medium are stripped of their
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z = .75



z = .34



Figure 15.4 Radio map at 1.6 Ghz of 3C343.1 by Fanti et al. 1985. Separation of sources is only 0.25 arcsec. Note the opposite ejections from the radio galaxy, the western of which leads directly into the quasar. The compression of the radio contours on the west side of the quasar attests to its motion directly away from the galaxy.



outer layer of lower density, radio emitting gas (Arp 2001a,b; 2003). This would account for numbers of radio sources with no optical identification but almost all of the denser X-ray sources having optical identifications. Because the optical objects are invariably quasars it is possible to study the properites of ejected quasars by studying X-ray sources associated with active galaxies. Figure 15.5 shows all the bright X-ray sources in the field of the very active Seyfert galaxy NGC 3516. They are distributed in a line through the nucleus of the galaxy and every one of them turns out to be a high redshift object. They display the less disturbed properties of ejected quasars in that the redshifts are highest closest to the galaxy and progressively drop as they move outward. NGC 3516 and another Seyfert with a line of quasars display exactly this property (Arp 1999). These two Seyferts also both display the property that the quasars follow the line of the projected minor axes of the galaxy. This is important because along the minor axis ejecta can come out with the least interaction with the material of the galaxy. It is also important to note that in these two Seyferts 10 out of their 11 quasars fall close to the periodic values of redshift (Karlsson formula for preferred, peak redshift values). Although reasons for the periodicity have not been agreed (perhaps Machian contacts at velocity c with a fractal universe) it is clear that these
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Figure 15.5 The Rosetta Stone. The brightest X-ray sources in the field are aligned along the minor axis in descending order of quantized redshift. Very active Seyfert has z = 0.009.



observations rule out velocity caused redshifts. Figure 15.5 seems to be the Rosetta Stone that unlocks the birth and evolution of galaxies. Figure 15.6 shows the averaged properties of associations studied up to about 1998. It schematically outlines the ejection characteristics and the relation of proto quasars to mature galaxies. It explains the enigmatic result of Erik Holmberg in 1969 that companion galaxies were characteristically spread along the minor axis of edge-on larger galaxies. The excess redshifts of compact companion galaxies in groups (Collin-Souffrin, Pecker, and Tovmassianis 1974) is also vindicated. The redshifts are quantized and shown moving rapidly between discrete values. The diagram in Fig. 15.6 represents an empirical theory summarizing the evolution of extragalactic objects.
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Figure 15.6 Extracting the characteristics of all associations of quasar and companion galaxies up to about 1998. Pictured is an empirical theory of galaxy birth and evolution from quasars.



5 Intrinsic redshifts and evolution of galaxies Another Seyfert galaxy that is an active strong X-ray source is NGC 7603. It is conspicuous for the large companion galaxy attached to a curved filament or arm, which extends from the disturbed body of the galaxy. The Seyfert has a redshift of z = 8000 km s−1 and the companion 16 000 km s−1 . The obvious interpretation is that the compact proto companion was ejected some time ago and encountered interaction with the material of the galaxy (the interaction tail in Fig. 15.7). Instead of evolving to its present state at a greater distance from the galaxy it evolved to only slightly younger age close by and has now an intrinsic redshift relative to its parent of only 8000 km s−1 .
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Figure 15.7 NGC 7603 at cz = 8000 km s−1 attached to companion at cz = 16 000 km s−1 . Compact objects in the arm from the parent Seyfert turn out to be high redshift quasar-like objects (L´opez-Corredoira and Guti´errez 2002).
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Looking at the pictures immediately raised the question of whether two faint compact objects visible in this ejection track represent even younger material with even higher intrinsic redshift. It took 30 years to answer this obvious question but finally two courageous young Spanish astronomers took the spectra of these objects and found them to be quasars of z = 0.24 and 0.39. There was some quibbling by conventional astronomers about calling them quasars because they were slightly non-stellar and the emission lines were somewhat thin. But as we see in the following section we would expect just this result if quasars interacted with the galaxy medium and were ablated or slightly deformed and gas emitting regions were slightly diffused. It is significant that the original discovery of the attached companion to NGC 7603 caused Fred Hoyle to propose a fundamentally new approach to physics where particle masses grew as t 2 and that enabled the Hubble law to be derived without expansion of the Universe. The prestigious Russell Lecture of 1972 in which he set forth this paradigm-breaking advance was never accepted for publication in the Astrophysical Journal. (See my note in APSS, 285, 451, 457.) We discuss now in the closing paragraphs how this theory has grown unnoticed to give a rational understanding of the enormous amount of currently ignored data. 6 The physical cause of age related redshifts The key to acceptance of the observations, however, seems to require a theory that leads to an understanding of what gives the quasars their intrinsic redshifts. We invoke the variable mass hypothesis as developed by Narlikar (1977) and Narlikar and Arp (1993). In a more general solution of the general relativistic field equations the particle masses of new matter start out at or near zero mass and grow with time. Because the electrons making orbital transitions in radiating atoms are initially small, the emitted photons are initially redshifted and decrease their intrinsic redshift with time. The quasars are then viewed as being composed of young matter, which evolves toward normal matter and normal galaxies with time. In the initially ejected proto quasars the particles grow in mass and slow down in order to conserve momentum so the particles cool and increasingly gravitate toward a young galaxy (no dark matter needed). The initial plasmoid, however, has low mass ions, which have large cross sections and are initially constrained by magnetic fields (Arp 1963). In order to have the time to evolve intrinsic redshifts into the range of older galaxies like our own they must be slowed down or stopped by the passage through the internal regions of the parent galaxies or meeting clouds in the medium exterior to the galaxy. In the proto-quasar phase they should be fragile and observations suggest that some quasars are split into twos or threes (Arp and Russell 2001, p. 548, Arp 1997, 1999). In practice it is suggested that sometimes they can
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run into a medium of cloudlets and be divided into many small proto galaxies i.e., a cluster of proto galaxies on its way to evolving into a cluster of galaxies. It is worth noting that active galaxies, quasars, and clusters of galaxies are the three principal kinds of extragalactic X-ray sources that exist. In the above picture each are subunits of the former. The processes in galaxy nuclei that give rise to the quasars furnish the energy to fission or explode some quasars into smaller pieces, which then evolve into galaxy clusters, particularly in interaction with a galaxy/extragalactic environment.



7 Summary The greatest chance for progress in cosmology and physics is now to recognize that redshifts can not be “anomalous” but instead mark the change with time of the evolutionary age of the objects that make up the Universe.
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Discussion Q : A. BLANCHARD : A few years ago, Tom Broadhurst did claim to find a periodicity in a sample of about 1000 galaxies. This periodicity first seen on a sample of a few hundred galaxies
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seems to be stronger in the larger samples. However, it seems to have entirely disappeared now with larger samples with more than 10 000 galaxies. So I claim that it is likely that when the number of objects increases by a factor of 10, the signal will just vanish! A : H. A. : The periodicities in redshifts of galaxies has been reviewed by Napier in this conference. You seem to be referring to Hawkins, Maddox, and Merrifield (MNRAS 2002) who analyzed a sample of over 22 000 faint quasars and reported for the first time in 37 years that there was no periodicity in their redshifts. Napier and G. Burbidge pointed out in a subsequent issue of MNRAS (342, 60, 2003) that they had not tested against the active parent galaxies into whose redshift frame these faint quasars had to be transformed. But the press release that the Hawkins et al. authors had issued was accepted by most of the people in the field as discounting all previous periodicity evidence. In 2003, an extensive analysis of this same faint sample of quasars by Arp, Roscoe, and Fulton demonstrated that the standard periodicities were clearly present in physical associations of quasars in this survey. This paper was rejected by the Monthly Notices. This perhaps enables us to understand how it comes about that concordance with big bang assumptions continues to be accepted in the face of massive and growing observational contradictions. Q : J. SULENTIC : The X-ray quasar discovered near the nucleus of the Seyfert 2 galaxy NGC 7319 may represent an important link between the high redshift quasars apparently registered around low redshift galaxies. If Arp is correct and the low z galaxies eject these quasars, then we might expect (hope?) to observe some in close proximity to the galactic nucleus. At least two other candidates are known, involving (as in the cases of NGC7319) a hard X-ray source very near (few arcsec) a Seyfert nucleus. A : H. A. : If these objects are optically identified, it would be very important to get their spectra. Q : J. V. NARLIKAR : Arp’s findings on intrinsic redshifts can be understood in terms of the variable mass hypothesis proposed by me and discussed in detail by Narlikar and Das (1980). In this the ejected quasar/galaxy has new matter whose mass (per particle) increases with age, and so intrinsic redshift declines with age. So companion galaxies are the “aged” version of quasars ejected from parent galaxies.
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However, I have not yet managed to quantize that picture to arrive at an explanation of periodicity. A : H. A. : In the Hoyle/Narlikar approach, the masses grow by exchanging (gravitons, machions) in a volume of space, which increases in radius at the speed of c. If the Universe had hierarchical distribution of distances, one could obtain predominantly discrete redshift values that would evolve in jumps.



16 Redshifts of galaxies and QSOs: The problem of redshift periodicities Geoffrey Burbidge University of California, San Diego, La Jolla, CA, USA



1 The redshifts of normal galaxies For more than 70 years observational evidence has been steadily accumulated that shows that the original observations of Hubble, which led directly to the view that the Universe is expanding, apply to normal galaxies made up of stars. Hubble’s original redshift-apparent magnitude relation of 1929 was steadily extended to fainter galaxies, so that by the 1950s it covered a range from about cz  1000 km s−1 to values of z close to 0.2 (Humason, Mayall, and Sandage 1956). By about 1960, following the discovery of the radio galaxies, Minkowski (1960) had reached a redshift record with the galaxy associated with 3C 295, which has z = 0.46. In the 1960s it was very difficult to go beyond that. The limits were set by sizes of the telescopes, the efficiency of the detectors, the faintness of the galaxies, and ways of finding suitable distant clusters. These barriers were all eventually overcome, and for galaxies we can now confidently extend the Hubble law out to galaxies with z  3. However, while this redshift-apparent magnitude relation taken in the large is apparently a smooth function of z, Tifft showed in the early 1960s, first by studying the redshifts in the Coma cluster of galaxies, that the differential redshifts z among the different galaxies in a cluster appeared to be quantized, so that the redshift differences are of the form n z, with c z,  72 km s−1 , and n is an integer. While the reality of this effect was doubted on all sides, it was confirmed by Weedman, and also the same effect was found by others in pairs of galaxies, and in the redshift differences between satellite galaxies and the central galaxies in small groups. Most recently Guthrie and Napier (1996) have done a comprehensive study that confirms that this quantized effect is present in the redshifts of normal galaxies within the local supercluster (cz < 2000 km s−1 ) and they actually found c z = 36 km s−1 . Dr. Napier will give a more detailed discussion of this effect in the following paper. While the effect is small and does not detract from generally
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accepted views that the bulk of the redshifts of galaxies is due to expansion, it remains totally unexplained. I now turn to the quasi-stellar objects, where as I shall show that not only is the largest component of the measured redshifts almost certainly of non-cosmological origin, but it also appears to show a remarkable numerical periodicity.



2 Quasi-stellar objects (QSOs) The QSOs were discovered in 1960 from a combination of radio and optical observations (for details see the monograph of Burbidge and Burbidge 1967). They were originally discovered as compact, non-thermal radio sources that are optically indistinguishable from faint blue stars, but they have very large redshifts. It soon became apparent that the majority of the QSOs are radio quiet. Since cosmologists have always believed that the redshifts must either be due to the Doppler effect or to cosmological expansion, and since most of them were not concerned about the physics of the objects, they immediately assumed that they could use QSOs as cosmological probes. Within the first year of the discoveries a redshift z of order 2 had been found for the radio QSO 3C 9, and it was immediately obvious from the very few redshifts known then that there was practically no correlation of apparent brightness with redshift. As the number of redshifts increased the absence of anything other than possibly a very weak correlation was very clear. Put more starkly, if the QSOs had been discovered first we would never have concluded that the Universe is expanding.1 Thus, from the point of view of the redshift-apparent magnitude relation there is no prima facie evidence that the redshifts are due to expansion. Of course, the absence of a correlation does not mean that the redshifts are not cosmological, but it means that if they are, there is a wide range of luminosity of these objects at every redshift. Next, it was established that the optical and radio flux from the QSOs varies in time, something that was unheard of in galaxies of stars. It means that the radiating regions of the QSOs are very small – probably no larger than the Solar System. Hoyle and I immediately saw that this placed severe limits on the properties of the radiating process, and with Sargent we showed that either highly relativistic motion of the radiating surfaces was required, or that these objects were much closer to us than would be deduced if it were assumed that their redshifts are due to the expansion of the Universe (Hoyle, Burbidge, and Sargent 1966a, b). 1



Of course, it can be argued that a good Hubble relation can only be obtained by using “standard candles,” which at large redshifts are luminous galaxies, or supernovae of Type Ia. However, it should be remembered that Hubble (1929) first found the expansion relation using field galaxies, i.e., whatever was available, and Humason, Mayall, and Sandage (1956) got a good result for ∼900 field galaxies.
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A counter argument was, and is, based on continuity. Since the nuclei of active (Seyfert) galaxies have similar optical properties to QSOs, it was suggested, first by Kristian (1973) and more recently by many others that QSOs are simply the active nuclei of giant elliptical galaxies at high redshifts. In my view this argument is not convincing because there are very few, if any, high redshift QSOs with optical “fuzz” around them in which it has been conclusively demonstrated by spectroscopy that this “fuzz” is starlight with the stars having the same redshift as the QSO, and there are clearly many high redshift QSOs very close to galaxies like M82 where there is no fuzz. In 1966 Hoyle and I wrote a detailed paper (Hoyle and Burbidge 1966) discussing whether or not the evidence suggested that the QSOs lie comparatively nearby, or whether they lie at cosmological distances. We concluded that there was evidence on both sides, but we suggested that if the bright QSOs were local, they were probably ejected from comparatively nearby galaxies. Soon after this, it became apparent from statistical arguments (cf. Burbidge et al. 1971 and others) and the work of Arp (cf. Arp 1967, 1987), and others (cf. Hoyle et al. 2000, Chapters 11 and 12) that a number of the bright QSOs with high redshifts are very closely associated with bright galaxies with very small redshifts. The conclusion was that they are physically associated. Thus by the 1970s there were many observations that suggested that some QSOs, and thus a fraction of the compact radio sources, do not lie at cosmological distances, and thus cannot be used for cosmological studies. In the nearly 40 years since then, the observational evidence supporting this view has grown, but unfortunately nearly all of the leading cosmologists and most astrophysicists have ignored this result. Many still refuse to accept the evidence, continuing to doubt the statistical arguments or even the more compelling evidence of luminous connections, though we believe that by now it is overwhelming. For others there has apparently been such a widespread conviction that the big-bang model is correct that it is supposed that such results supporting the idea that at least some QSOs have non-cosmological redshifts can be disregarded, though, in fact, cosmology and the physics of QSOs are two topics that can be uncoupled. The other major problem is, of course, that we have no ready explanation of noncosmological redshifts. But it is these phenomena, and others discovered in highenergy astrophysics, that have determined the direction of research of some of us since then. The new observations started with the identification of the extragalactic radio sources with very active (explosive) centers of galaxies – now generally called active galactic nuclei (AGN). They and the QSOs have shown without question that there are major sources of energy and ejected mass in the Universe that appear sporadically in a wide variety of galaxies long after these galaxies formed. This far, of course, everyone has been prepared to go. But it is a far cry from the idea that
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galaxies and their precursors all formed in the very early Universe. The connection that is normally made is that all of the activity is due to the infall (accretion) of matter on to massive black holes in the centers of galaxies. However, in the 1950s and 1960s, V. A. Ambartsumian had already made the radical proposal that the centers of galaxies are places where the material of new galaxies is created and ejected. While Ambartsumian’s ideas, based completely on observations, have been largely ignored by the cosmological establishment, which wants to believe that everything arose in an early Universe, these are the cosmogonical ideas out of which, in the 1990s, Hoyle, Narlikar, and I formulated the quasi-steady-state cosmology (QSSC) in which it is argued that the centers of active galaxies are the creation sources, and it is in them, in the near vicinity of black holes, that the C (Creation)-field operates. Thus matter is being created out of a set of singular points associated with the nuclei of galaxies. Thus, using biblical terminology, galaxies do beget galaxies. This leads to expansion and contraction with a period of about 40 × 109 years superimposed on an overall expansion with a characteristic time 1012 years. This is a cyclic universe, which does not contract to extremely small dimensions (Narlikar and Burbidge 2004). Thus the picture that we have is that QSOs that are being ejected from the nuclei of active galaxies eventually evolve into young galaxies – this is Ambartsumian’s cosmogony as it appears to be operating. 3 The redshifts of QSOs The most difficult unsolved problem that we have to deal with is associated with the nature and the distribution of the redshifts of the QSOs. Over the last 40 years many surveys of QSOs have been made, and the total number that have been identified with measured redshifts is currently about 50 000 (Veron and Veron 2003). These together with active galaxies whose emission line spectra are usually indistinguishable from those of QSOs have the redshift distribution shown in Fig. 16.1, which has been obtained from the most recent catalog of Veron and Veron (2003). A total of about 65 000 objects is contained in the histogram.2 The redshifts range from very small values corresponding to many AGN at low redshifts, to a very small number of QSOs with redshifts 6. In Fig. 16.1 the majority of the objects with z 4.1. If all of these redshifts are cosmological in origin, as the
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majority of astronomers still believe, this distribution must be interpreted as due to an evolutionary effect as the Universe has evolved, and there is extensive literature on this topic pioneered by Maarten Schmidt and others. 4 Periodicity in the QSO redshift distribution If, on the other hand, the QSOs are ejected from galaxies as much observational evidence shows, a large part of the redshifts must be intrinsic. In general, the observed redshift, z 0 , is made up of three terms, zc is the cosmological term (this will be the redshift of the parent galaxy), zd is the Doppler term (which may be positive or negative and represents the line of sight velocity associated with the ejection) and zi is the intrinsic term, which is associated with the basic physics of QSOs. Thus (1 + z0 ) = (1 + zc )(1 + zd )(1 + zi ) In the 1960s, as the number of redshifts of QSOs increased, it became clear that there are peaks in the redshift distribution. The first peaks were found in 1967–68 (Burbidge and Burbidge 1967, Burbidge 1968) at z0 = 1.955 and z0 = 0.061, and by the late 1970s (cf. Burbidge 1978) it was clear that there were redshift peaks at z0 = 0.061, 0.30, 0.60, 0.96, 1.41, and 1.96. Karlsson (1971) showed that the peaks are periodic with log (1 + zi ) = 0.089. It is now clear that the periodicity only occurs in the intrinsic redshift components (zi ). From the expression for z0 given above it is clear that the periodicity associated with zi will become apparent only when: (a) zc and zd are both very small, so that the term involving zi dominates, or (b) zd is very small, and zc is known so that zi can be calculated.



What this means in practical terms is that if the periodicity is seen directly in zo , the QSOs must be associated with galaxies that have zc  0.01.3 Alternatively, we must be able to measure zc for the parent galaxy and make the correction. Thus the fact that the early results (cf. Fig. 16.2) involving bright radio-emitting QSOs shows peaks means that all of these QSOs must have come from galaxies with very small values of zc . Using various samples of QSOs, I show in Figs. 16.2 and 16.3 histograms showing the peaks from different sets of QSOs. These have been taken from the work of Napier, Karlsson, and me (Burbidge 1978, Burbidge and Napier 2001, Napier and Burbidge 2003, and Karlsson 1990). It is important to point out that the 3



The fact that no periodicity is seen in the histogram showing all of the QSOs (Fig. 16.1) shows that there is a wide range of values of zc , i.e., the QSOs have been ejected from galaxies with a wide range of cosmological redshifts. Thus the periodic terms zi are diluted and the peaks are smoothed out.
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Figure 16.2 This histogram was made in 1977 when only about 600 QSOs had had their redshifts measured (Burbidge 1978). They were predominantly QSOs identified originally as radio sources, they are comparatively bright < 18.5m , and are distributed all over the sky.



peaks beyond z = 1.96 at 2.63, 3.44, and 4.45 predicted using the Karlsson formula were found from new samples containing higher redshift QSOs (Burbidge and Napier 2001), which were not identified until long after the samples that Karlsson used to determine the periodicity were found. Needless to say, there have been several attempts to argue from the beginning of this work that selection effects are responsible for what we see, or that the statistical analysis was faulty, or that new samples do not show the effect. All of these issues have been dealt with earlier by Burbidge and Napier (2001) and most recently by Napier and Burbidge (2003). Dr. Napier will discuss them again in the next lecture. It is clear that the periodicity is
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Figure 16.3 This histogram contains QSOs detected since 1990. Included are data from Karlsson (1990) and Burbidge and Napier (2001).



real, and at present we have no explanation for it. It poses what I believe is one of the major unsolved problems in astrophysics. References Arp, H. C., 1967, ApJ, 148, 321 Arp, H. C., 1987, Quasars, Redshifts and Controversies, (Berkeley, Intersteller Media) Burbidge, E. M., Burbidge, G., Solomon, P., and Strittmatter, P. A., 1971, ApJ, 170, 223 Burbidge, G. and Burbidge, M., 1967, Quasi-Stellar Objects, (San Francisco, W. H. Freeman and Co.) Burbidge, G., 1968, ApJ, 154, L41 Burbidge, G., 1978, Physica Scripta, 17, 281 Burbidge, G. and Napier, W., 2001, AJ, 121, 21 Guthrie, B. N. and Napier, W., 1996, A&A, 310, 353 Hoyle, F. and Burbidge, G., 1966, ApJ, 144, 534 Hoyle, F., Burbidge, G., and Sargent, W. L. W., 1966a, Nature, 209, 751 Hoyle, F., Burbidge, G., and Sargent, W. L. W., 1966a, ApJ, 144, 534 Hoyle, F., Burbidge, G., and Narlikar, J. V., 2000, A Different Approach to Cosmology, (Cambridge University Press) Hubble, E., 1929, Proc. Nat. Acad. Sci., 15, 168 Humason, M. L., Mayall, N. V., and Sandage, A. R., 1956, AJ, 61, 97 Karlsson, K. G., 1971, A&A, 13, 333 Karlsson, K. G., 1990, A&A, 239, 50 Kristian, J., 1973, ApJ, 179, 61
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Discussion Q : J. MORET-BAILLY : The fundamental constant for the redshifts z = 0.062 has a purely spectroscopic origin. It is deduced from the study of a UV continuous spectrum in atomic hydrogen. The redshift is produced by a transfer of energy from light modes having a high Planck’s temperature to colder modes that are blueshifted (these modes are generally thermal, they may be 2.7 K, or close to bright, much redshifted objects, at a higher temperature, and attributed to hot dust). More will be said in the final general discussion. A : G. B. : Perhaps your scheme might work. But the problem is that the spectra in which we see the anomalous redshifts are mostly simply interpreted as coming from normal abundances of common elments in a hot gas similar to that which we see in many situations in our own Galaxy and in nearby galactic nuclei containing non-thermal sources. The atomic physics is quite normal. It is only the redshifts that are so peculiar. Comment : J. SULENTIC : In connection with comments on the Lyman alpha forest and the importance to the standard model, caution is needed in using these data. The most recent correlation between the number of absorbers and the source redshift is too good (it appears virtually noiseless!). Comment : J. SURDEJ : It is surprising that the redshift peaks reported by G. Burbidge in QSO surveys turn out to correspond to the position of broad emission lines redshifted in standard broad band filters. For instance, z = 1.955 0.30 0.96 0.60 0.41
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Comment : H. ARP : (In reply to Surdej’s comment) There have been numerous tests of redshift periodicity where the quasars are selected by radio or X-ray criteria. There is no optical selection criterion; yet the periodicity is very accurately confirmed. For example the 3C radio sources have been completely identified now and there are about 50 quasars. Comment : J.-C. PECKER : Depaquit (together with Vigier and I) have studied (1974, published) the selection effects suggested by Surdej; they do not affect the Karlsson periodicity, as displayed by Burbidge. Comment : B. CARTER : How sure can you be that the frequency peaks in the ln A plots are statistically significant, not just noise? Q : M. FROISSART : If one thinks of these periodicities as components of velocities, how do the other components behave, supposing that the Universe is isotropic? A : G. B. : I cannot see how the anomalous redshifts can be understood in terms of velocities, i.e., Doppler shifts, because they are all redshifts with no blueshifts.



17 Statistics of redshift periodicities W. M. NAPIER Cardiff University, 2 North Road, Cardiff CF10 3DY



Abstract Claims that ordinary spiral galaxies and some classes of QSO show periodicity in their redshift distributions have been investigated using high-precision data and rigorous statistical procedures. The periodicities are broadly confirmed. They are easily seen by eye in the data sets. Observational, reduction, or statistical artefacts do not seem capable of accounting for them. 1 Introduction “Anomalous redshift” claims have appeared in the literature for about 30 years now and are associated with a few astronomers such as H. Arp, the Burbidges, and W. G. Tifft. The claims are controversial and the author has been engaged in a long-term project to examine them objectively. Probably the easiest to test are the claims of redshift periodicity. The search for periodicity in noisy data has a large literature and is a well-understood process. Three such claims have so far been examined, namely the 72 km s−1 periodicity (in the Coma cluster), the 36 km s−1 galactocentric periodicity (in wide-profile field spirals), and the periodicity 0.089 in log10 (1 + z) (in the redshifts of QSOs close to bright, nearby spirals). The approach in all cases has been the same: To use high-quality redshift data, not previously used in formulating the hypothesis, and rigorous statistical methods. Modern computing power now allows one to generate large numbers of synthetic data sets with which the real data can be compared. Here I describe the overall approach and results rather than the technicalities. The latter can be found in papers in the reference list. 2 The galactic periodicities The initial claim made by Tifft was that the redshifts of galaxies in the Coma cluster show a periodicity 72 km s−1 , a result that makes no sense in a system 207
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where the observed radial velocities (presumably virialized) have a dispersion of 1000 km s−1 . A second major claim, made by Tifft and Cocke (1984), was that there exists a global, galactocentric quantization of redshifts. For galaxies with narrow HI profiles a periodicity of 24.2 km s−1 was claimed, while for broad HI profiles the claimed periodicity was 36.2 km s−1 . To see these latter periodicities it was necessary to correct for a solar motion of V = 233.6 km s−1 , l = 98.6◦ , b = 0.2◦ close to the galactocentric solar motion. Subsequently, a series of progressively higher periodic frequencies have been claimed by Tifft, some of which lie on the wrong side of the Nyquist frequency. The current study is concerned only with these initial claims, however. An immediate problem arises from the fact that, in correcting for the vectorial solar motion, three free parameters have been introduced. Thus a Hubble flow of, say, 72 km s−1 in a system of galaxies with characteristic projected separation 0.5 megaparsec, has a characteristic velocity separation 36 km s−1 and we can imagine that this might be made to appear periodic with some “parameter tweaking,” in essence hunting for periodicity. The way to handle this problem is to construct synthetic data sets, identical in all respects to the real one except for the periodicity under test, and to operate on them all, real and synthetic, in identical fashion. The 72 km s−1 claim was tested by Guthrie and Napier (1990) using 48 spiral galaxies in the Virgo cluster, which avoided the core and which had well-determined redshifts (formal accuracies σ ≤ 10 km s−1 ). This is the nearest rich cluster of galaxies, and had not previously been used to test for redshift periodicity claims, and so is an unbiased sample. Guthrie and Napier (1990) attempted to correct these redshifts for infall towards the Virgo cluster and found that there was indeed a strong periodicity of 71 km s−1 , essentially identical to that claimed for the Coma cluster. In Fig. 17.1 the differential redshifts of the 48 spirals are plotted in the fixed, galactocentric frame of reference. For this plot the latter was taken to be the IAUapproved V = 220 km s−1 , l = 90.0◦ , b = 0.0◦ where (V , l , b ) are respectively the speed, galactic longitude, and galactic latitude of the Sun’s velocity vector around the nucleus of the Galaxy. The data in Fig. 17.1 have been smoothed by a standard procedure: The data set is converted from the velocity to the frequency domain, high frequencies are chopped off, and the remaining signal is reconverted back to the original velocity domain. It is assumed that the high frequencies so removed correspond to noise and measurement error
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dV (km/s) Figure 17.1 Differential redshifts dV of 48 spiral galaxies in the Virgo cluster. Data are plotted in the galactocentric frame of reference as described in the text, and a smoothing with cutoff 13 km s−1 has been applied corresponding to the rms sum of the formal redshift uncertainties. The vertical lines are the best-fit periodicity of 71 km s−1 . The periodicity is illustrated out to 1000 s−1 but extends out to dV = 3000 km s−1 .



and in the present case the cut-off was taken as 13 km s−1 corresponding to the RMS sum of the measurement errors. A periodicity is obvious to the eye, and routine power spectrum analysis shows it again to be ∼71 km s−1 . Allowing for several freedoms (excluding dwarf irregulars from the study, arbitrariness in defining the “core,” etc.), the periodicity is found to be significant at a confidence level ∼10 −4 . Since the differential solar motion correction across the few degrees subtended by the Virgo cluster is small, uncertainties in this adopted solar apex are second order. In fact the periodicity is observed strongly over a very wide range of solar vectors encompassing the galactocentric one. Guthrie and Napier (1996) then tested the ∼36 km s−1 claim for wide-profile spiral galaxies, culling high-precision redshift data from the Bottinelli et al. (1990) catalog, simulations having indicated that for the sample sizes employed the effect would only be seen in data of the highest quality. After excluding data employed by Tifft and Cocke (1984), there remained 97 spirals with redshifts measured formally to σ ≤ 3 km s−1 . Each redshift had been measured and reduced by at least five groups of observers using five different radio telescopes. These were generally galaxies with broad HI profiles. A remarkably strong periodicity ∼37.5 km s−1 , again very close to that claimed, does indeed emerge for vectors in the neighborhood of the solar motion (Fig. 17.2). Significance testing again involves the creation of
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dV (km/sec) Figure 17.2 Differential redshifts dV of 97 spiral galaxies in the Local Supercluster with systemic redshifts measured to σ ≤ 3 s−1 . Data are plotted in the frame of reference V = 216 km s−1 , l = 96◦ , b = −11◦ and smoothed with a cutoff 13 s−1 . The vertical lines are the best-fit periodicity of 37.5 s−1 . The first 21 cycles are shown, but in fact the periodicity is detectable out to at least 90 cycles within the LSC.



synthetic data sets and exploration of the power they generate by chance. The hypothesis of non-periodicity is thereby rejected at a significance level ∼10−5 . In this case, since the galaxies are scattered over the sky, individual corrections for the solar motion vary considerably and so the peak powers generated vary strongly with the adopted solar apex. A real periodic signal occurring in the frame of reference of a single velocity generates signals at other velocity vectors and identifying the “real” signal is not a trivial exercise. To find the “true” solar vector, the sensitivity of the signal to variations in the vector must be decreased. This can be done in a number of ways, but the following approach is particularly instructive. About half the galaxies in the sample belonged to small groups or associations containing two to six companions. By looking for periodicity in the differential redshifts within these groups, the sensitivity of the signal to V may be decreased. The resulting data set is small (50 galaxies) and so was enhanced by adding galaxies obtained from a catalog by Tifft (1976) with measured signal-to-noise ratios greater than 10 and which also belonged to cataloged groups. This enhanced data set contained 80 galaxies in 28 groups scattered throughout the Local Supercluster. The power distribution in these 28 LSC groups turns out to have a well-defined maximum at ∼ 37.5 km s−1 for a solar vector (remarkably!) V = 220 km s−1 , l = 90.0◦ , b = 0.0◦
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It is tempting to assume that the ∼72 km s−1 periodicity found in the Virgo cluster is a harmonic of the ∼37.5 km s−1 one found for field galaxies. After all, a mere 48 spiral galaxies were employed in its derivation, spread over a range of ∼3000 km s−1 , leaving most “quanta” unoccupied; one can imagine that the higher frequency oscillation might go undetected, with the power spectrum machinery settling on a harmonic. However, extensive trials by the author involving synthetic Virgo clusters with inbuilt ∼37.5 km s−1 periodicity have so far failed to yield a false ∼72 km s−1 one. Is the ∼37.5 kms−1 periodicity a local phenomenon, peculiar to individual groups? Or is it global, that is, is there phase coherence from one group to another? This question was explored by constructing synthetic local superclusters. The procedure was to preserve the internal relative redshifts of each group but shift their systemic redshifts bodily by an amount just sufficient to destroy any phase coherence. Trials indicated that the signal in the real LSC is significantly different from those in the synthetic ones. Thus the periodicity is a global rather than a local phenomenon, occurring at least throughout the inner regions of the LSC. A bonus of these simulations is that they make an “artefact” hypothesis hard to sustain: What artefact could produce phase coherence in the galactocentric frame of reference for galaxies widely separated over the sky? 3 A fixed or variable solar apex? Although the hypothesis of periodicity is preferred over that of non-periodicity at a high confidence level, it is less clear that the “real” periodicity is with respect to a single, fixed vector. Why should a galaxy 10 megaparsec away care about the Sun’s motion around the centre of our Galaxy? Radial motion with respect to a local centroid would seem to be another possibility, but to test this one needs good distance information for galaxies. Karachentsev and Makarov (1996) – hereinafter KM – have determined a running apex for 103 galaxies within 500 km s −1 of the Sun. The overlap with the Bottinelli et al. data set is small – most of the galaxies do not meet the σ < 3 km s −1 criterion adopted by Guthrie and Napier (1996). Distances were in large part determined photometrically with the 6-m telescope. Galactocentric velocities are plotted against distance in Fig. 17.3. It has slope 61.1 ±5.0 km s−1 and intercept −4.7 ±18.2 km s−1 . This intercept is remarkably small: Either the expansion of the Universe is centered on the nucleus of our Galaxy (!), or this is a manifestation of the anomalous quiescence of the local neighborhood, remarked on by Baryshev et al. (2001), and others. “Anomalous” is in relation to expectations from CDM N-body simulations, which predict order-of-magnitude
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higher velocity dispersions for Local Groups, with or without biasing (Governato et al. 1997). The remarkably small dispersion ( ∼72 km s −1 , as it happens) of the residuals in relation to the running apex was also remarked on by KM, who tabulated the velocity residuals, but for some reason did not plot them. This deficiency is remedied in Fig. 17.4, which reveals clear evidence for structure (the residuals are plotted both raw and smoothed). A value ∼15 km s −1 was taken for the high-frequency cut-off, although it is difficult to estimate. Peaks are clearly evident and are consistent with a periodicity ∼36 km s −1 , relative to the running apex. Figure 17.5 shows the outcome of a search for periodicity in the KM data using a fixed solar vector. It turns out that there is a periodicity 35.2 km s−1 when one subtracts out a velocity component corresponding to an apex V = 220 kms−1 , l = 100.0◦ , b = −17.0◦ This again illustrates one of the problems in analyzing the phenomenon: While the periodicity is readily observable in high-quality data sets, it is not always clear which vector is “real,” and which are “ghosts” or “harmonics,” or even whether a single, fixed vector is involved.
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4 The QSO periodicity claim The third anomalous redshift claim tested so far is that QSOs in the neighborhood of bright, nearby, active spirals show a periodicity of 0.089 in log10 (1 + z). There is some imprecision in the formulation of this hypothesis (what do we mean by close? By active? What phase should we associate with this periodicity, and with what standard errors?). The hypothesis was tightened up somewhat by bootstrap sampling of 116 QSOs used by Karlsson (1990) to test it, and fresh data were then employed as described in Burbidge and Napier (2001), alias BN: These comprised 57 QSO pairs with separations less than 10 arcseconds, 39 X-ray QSOs near active galaxies (comprising a complete sample), and 78 3C(R) radio QSOs, again comprising a virtually complete sample. Figure 17.6 is a histogram of the combined Karlsson and BN data sets: The periodicity is clearly present and seems to extend three cycles beyond that originally claimed. Monte Carlo trials yield a formal significance level of a few parts in 100 000, whether the null hypothesis is defined through smoothing of the given data or the z-distribution of QSOs as a whole. It has often been argued that the QSO periodicity is an artefact of observational selection effects (see the discussion in BN). However the data employed here were selected precisely to avoid such effects. It was also claimed that the result is a statistical artefact caused by edge effects (Hawkins et al. 2002), but this has been shown to be erroneous (Napier and Burbidge 2003): inter alia, edge effects were automatically allowed for in the procedures employed, and the periodicity is easily seen by eye, without any statistical analysis (Fig. 17.6). Again, however, although the periodicity is clear, the circumstances under which it arises are not. For example,
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Figure 17.6 Redshift distribution of 290 QSOs compiled by Karlsson (1990) and Burbidge and Napier (2001) in order to test claims of a periodicity 0.089 in log10 (1 + z). Selection procedures, etc. are discussed in BN.



the Karlsson QSOs are for the most part radio loud. Likewise the QSOs in the BN data set tend to be noisy. It remains to be seen whether proximity to bright spirals really is the determining factor. 5 Discussion The periodicities are empirical findings and are neutral about, say, the cosmological or local provenance of QSOs. It is interesting that a log(1 + z) periodicity is predicted in vacuum-dominated cosmological models, and an oscillating expansion is also expected in QSSC. The overall structure of our neighborhood, out to at least 10 megaparsec, is one in which a fractal distribution of galaxies expands with remarkable linearity and coldness, with a redshift periodicity superimposed on the expansion. Current CDM models cannot explain these features. It remains to be seen whether they could be modified to do so, or whether one needs to think outside the box altogether. References Baryshev, Yu. V., Chernin, A. D., & Teerikorpi, P., (2001). Astron. Astrophys., 378, 729. Bottinelli, L., Gouguenheim, L., Fouqu´e, P., & Paturel, G., (1990). Astr. Astrophys. Suppl., 82, 391. Burbidge, G. & Napier, W. M., (2001). Astron. J., 121, 21.
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18 Local abnormal redshifts Jean-Claude Pecker Coll`ege de France, Paris, France



Abstract Observations of “abnormal” (non-Dopplerian) redshifts in the spectrum of nearby sources (the Sun, binary stars, close-by galaxies in groups), and of “abnormal light deflection in the vicinity of the Sun,” are presented. Emphasis is given on the need of reconsidering the observations, which have not been seriously considered since the 1970. During the early 1970s, Chip Arp started discovering several cases of “abnormal” (i.e., non-Dopplerian) redshifts in the spectra of extragalactic objects. It is one of the most important observational discoveries of our times, in my opinion. At about the same time, I became interested in the abnormal redshifts found in the spectrum of the Sun. J.-P. Vigier, at the same time, was involved in understanding the nature of the photon, along the lines defined by Louis de Broglie, and he did not accept the idea of a zero rest-mass of the photon. We put our efforts together, and we tried to link the abnormal redshifts observed in the local, nearby, universe as consequences of some “tired-light” mechanism, closely linked with the rest-mass of the photon, which we assumed to be a “non-zero restmass,” without actually knowing anything else but an upper value of this rest-mass. I feel it is a need today to remind the audience of these local, solar and others, abnormal redshifts, although they were mentioned extensively several years ago, but they were neither properly confirmed nor really accounted for. Almost all relevant references can be found in our review paper (Pecker 1977). 1 Solar limb redshifts Several observers (Saint-John 1928, Freundlich et al. 1930, Adam 1948, 1959) have noted a redshift of the spectral solar lines at the limb of the Sun, in excess of the prediction of General Relativity. 217
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New measurements were made in the 1960s and 1970s, notably by Roddier 1965 (lines of Sr I), Snider 1972 (KI), and Brault 1962 (NaI); they found, respectively: ( λ/λmeas )/( λ/λGR ) = 1.13 ± 0.05; 1.01 ± 0.06; 1.05 ± 0.05 Knowing the extreme accuracy of Roddier’s resonance spectrograph, we tend to give more credit to his observations than to any other. So there is an indication for an abnormal additional redshift, to be compared with Einstein’s gravitational redshift. Why? Our interpretation was that some interaction was responsible for this effect, that of photons emitted by the photosphere with particles encountered around the Sun. Some other theoreticians (Schatzman and Magnan, 1975) assigned the observed effect to some rather improbable (in our views, Jorand, 1962) motions occuring inside the photosphere. But here is not the place to either argue or interpret.



2 Eclipses of a radio source by the Sun The photons (radio waves) from the source pass, before and after the eclipse, very near the Sun, and crosses the solar coronal layers along a long path. The classical theory is that no redshift should be observed. But the observations, compiled by M´erat et al. (1974a), show that a significative redshift affects the lines of the radio source, immediately before and after the total eclipse; this is stronger of course when nearer to the solar limb. Actually, three different observations, coherent with each other, have been made: The eclipse of the radio source TauA, at 21 cm (H radio-line) (Sadeh et al. 1968), that of the maser source W28S (at 18 cm) (Ball et al. 1970), and that of the vessel Pioneer 6 (at 13 cm) (Levy et al. 1969). The three authors trace the variation of λ/λ before and after the eclipse. Depaquit et al. (1974) have shown that they were compatible with each other. It is now suggested that a similar effect is also observed in the recent anomalies of Pioneer 10 and Pioneer 11 signals. They seem to show a deceleration of the vessel. Is it due either to a blueshift (as it could possibly be in the case of a trajectory within the protoplanetary-planetary disk), or to a redshift decreasing with distance in the case where the trajectory would be far enough from the planetary disk? I again refer to my review of 1977 for the earlier references. The cases of Pioneer 10 and 11 are more recent 2003 observations (NASA Website).
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3 Excess of angular deviation of light when near the solar limb One knows that the effect can indeed be predicted in the framework of Newtonian physics; the calculated value of the deviation, at the solar limb, is 0.88 . The GR reached instead a prediction of 1.75”, twice the Newtonian value. Such a value was indeed not really observed in 1919 by the famous eclipse expedition of Eddington; but these eclipse observations were nevertheless good enough to lead the scientific world to adopt the General Relativity. Since 1919, many observations have been piling up, and have confirmed this general conclusion. However, some observers found a higher value of the deviation near the limb. Mikha¨ılov found 2 03 (the analysis of this work was done by M´erat, 1974, its discussion by M´erat et al., 1974b). It was noted long ago that redshift and deviation are closely associated (notably by F¨urth 1964, and many other authors since). This excess of deviation over the GR value may be linked with the excess of redshift described above.



4 The case of binaries: A redshift of the “gamma-line” The radial velocities of binaries display two oscillatory behaviors, each corresponding to the spectra of each of the two components, with the same period and in phase opposition. The gamma-line is defined, for each of these two periodic variations of the radial velocity, as the average radial velocity of this component. Normally, the two gamma-lines coincide. But it happens in some stars that it does not. Then one of the two gamma-lines is affected by some redshift that can be labeled “abnormal,” possibly due to the nature of the star concerned. This appears in particular when the star in question is surrounded by a thick atmosphere. Such was the case of the star HD 193576 studied by Wilson in 1940. Struve had also noted this phenomenon in 1944. Kuhi, Pecker, & Vigier (1974) had made a systematic study of a few WR binaries and detected the same phenomenon. It is difficult to see any classical interpretation of these observations.



5 Nearby galaxies in groups In several groups of galaxies, containing a bright “mother” galaxy and a few dwarf galaxies, the more compact is the object, the more redshifted is its spectrum (CollinSouffrin, Pecker, Tovmassian 1974). Although there are objections (Collin-Zahn, private communication) to an interpretation of this effect by the same type of “mini-bang physics” as the one suggested by Arp or by Hoyle, Burbidge, and Narlikar (Narlikar, this colloquium) for
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the abnormal redshifts of quasars, we feel that the effect is real, and needs some non-Dopplerian interpretation. Such a type of phenomenon was actually already noted by Bottinelli and Gouguenheim (1973), in the radio domain. We feel that the matter needs further examination and that it should not be forgotten.



Conclusion All the observed facts briefly mentioned in this paper should be reobserved and rediscussed. But one should remember that there is no one single case of abnormality, but a collection of facts, which seem to indicate, in nearby objects, abnormal, i.e., non-Dopplerian, redshifts. We have given an interpretation, which could neither be confirmed nor refuted by physical laboratory determinations. But efforts should be made to check the reality of these phenomena, and to look for alternative theories to explain in these cases (very different from the “explosive” cases noted in the extragalactic realm) the abnormal observations, if confirmed. If not confirmed, one should explain why these theories were in error. I would like to quote as a conclusion the final sentence of Einstein’s 1916 popular paper on GR. “One has been furthermore able to derive from this theory a consequence that could be checked by observation, namely a displacement of the spectral lines of the light coming from the largest stars, w. r. to that affecting on Earth the light produced in a similar way, i.e. by the same molecular compound. I have no doubt that this consequence of the GR theory will soon be verified as well as others.” This sentence does refer to the gravitational redshift, but it could be applied as well, as can be shown, to the redshift usually associated with distance, and the properties of the space and matter through which the light has traveled.
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Discussion Q : F. SANCHEZ : You have described some local non-Doppler observations. Could you speak about the non-Doppler effect observed in the AGN emission oscillations, that we call “cosmic oscillations” because the period 9600,6(1) s enters the “holographic cosmology” with a precision of 10−4 , and is directly connected with the Balmer wavelength by c-free dimensional analysis. A : J.-C. P. : Three replies: (1) I have all confidence in Kotov’s and associates’ observations of the 9600,6(1) periodicities in several spectra (Sun, and others; some of Kotov’s papers have been published in the C. R. Acad. Sc. Paris). I agree with the fact that some observations having been done from space; it is unlikely that Kotov’s periodicity is only due to an effect of resonance with the Earth’s rotation period, as it has been claimed. I think Kotov’s effect is a real “fact.” (2) Can the Kotov’s periodicity be considered as “cosmic?” It does not seem to affect all sources; for example it does not appear in the analysis of variable stars light variations. So I still have doubts. (3) As to the relevance in this context of the “holographic cosmology,” which you have presented on different occasions, and which have unfortunately not been published, I cannot really comment. I do feel that you found startling coincidences based on a dimensional analysis of various quantities. But an analytical theory, explaining where are these coincidences coming from, seems to me still missing. Q : J. MORET-BAILLY : The classical frequency shifts (Doppler, gravitation) taken into account, it remains a blueshift of the radio signals of the Pioneer 10 and 11 probes. The “CREIL”
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allows a simple explanation: This effect transfers energy from the beams from the Sun, which have a high temperature (Planck) to the radio signal (and the thermal radiation), which has a low temperature. The “CREIL” requires a modulation of the beam, which is provided by the noise, which has the same order of magnitude as the signal. A : J.-C. P. : You have issued several papers describing the CREIL. In my opinion, it can only explain, if quantitatively developed, rather small redshifts, not those that affect the distant quasars. I would prefer to see the same mechanism explaining the local abnormal redshifts, which I have described, rather than the larger redshifts observed in quasars.



19 Gravitational lensing and anomalous redshifts J. Surdej, J.-F. Claeskens, and D. Sluse Institut d’Astrophysique et de G´eophysique, Universit´e de Li`ege, Belgique also, Directeur de recherches honoraire du FNRS, Belgique



Introduction In this chapter, we should like to address the following question: can we invoke gravitational lensing as a possible explanation for anomalous redshifts? In the rest of the chapter, anomalous redshifts refer to redshifts observed for two distinct objects with an angular separation less than 5 and whose difference is larger than 0.1. 1 Multiply imaged quasars Unlike most astrophysical discoveries made during the last century, the physics of gravitational lensing (GL) was understood well before the first example of a multiply imaged object was found (see Einstein 1912 quoted in Renn et al. 1997). The existence of multiply imaged, distant sources had been predicted by Zwicky (1937) . . . although the first case of a doubly imaged quasar was only reported in 1979 (Walsh et al. 1979). We refer the reader to Surdej and Claeskens (2001) for a recent account on the history of gravitational lensing. Gravitational lensing coupled with redshift-distance relations has enabled one to make the prediction that cases of multiple images of a distant source with redshift zs should be detected around a foreground lens with redshift zl  zs . Following the discovery of the first multiply imaged quasar candidates, some doubt had been cast on the interpretation of gravitational lensing as the possible origin of these systems (see Arp and Crane 1992 for the case of 2237 + 0305). Today (see the URLs http://cfa-www.harvard.edu/castles/ and http://vela.astro.ulg.ac.be/grav lens) some 92 cases of multiply imaged extragalactic sources have been reported. Among these, the sources and lens redshifts have been successfully measured for 53 of them. All these show so-called anomalous redshifts (zl  zs ). Note, however, that not a single case with zl  zs has been identified. Given this and all the studies that have been successfully carried out for most of these systems (see the non-exhaustive bibliography on Gravitational 223
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Figure 19.1 Setup of the optical gravitational lens experiment.



Lensing in Pospieszalska-Surdej et al. 2001; see the URL http://vela.astro.ulg.ac.be/ grav lens), we are firmly convinced that gravitational lensing coupled with redshiftdistance relations may simply account for those apparent anomalous redshifts. In addition to the GL anomalous redshifts, gravitational lensing also predicts that the geometrical configurations observed among the multiple-lensed quasar images are generic. The didactical experiment presented in the next section allows one to visualize most of those expected image configurations. 2 The didactical GL experiment To simulate the formation of lensed images by a given mass distribution (e.g., a spiral lens galaxy), we are using the optical setup shown in Fig. 19.1. A compact light source (representing, e.g., a distant quasar) is located on the left-hand side. Then comes the optical lens, which deviates in our case the light rays like an exponential disk (see Refsdal and Surdej 1994 for more details). Behind the lens, we find a white screen with a very small hole at the centre (the pinhole lens). Further behind, there is a large screen on which is (are) projected the lensed image(s) of the source (an Einstein ring plus a very faint central image, in this case) as it would be seen if our eye were located at the position of the pinhole. In the absence of an intervening galaxy, the large background screen appears to be uniformly illuminated, and the observer only sees the single image of a distant quasar. When setting the spiral lens galaxy perpendicularly to the rays coming from the distant source (see Fig. 19.1), neither the pinhole screen nor the background one are any longer illuminated uniformly. The spiral lens galaxy has redistributed the light in such a way that there is a maximum of light concentration along a bright focal line connecting the source and the lens. There is no single focus, the spiral
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Figure 19.2 Intersection of the bright focal line with the pinhole screen. In this case, the mass distribution is axially symmetric and the source, the gravitational lens, and the observer (the pinhole) are perfectly aligned. The resulting image is an Einstein ring, with a very faint central image (see Fig. 19.1).



galaxy acts as an imperfect lens . . . somewhat like a lens affected by spherical aberration. The intersection of this bright focal line with the pinhole screen is seen as a bright spot in Fig. 19.2. Thus, the maximum amplification is obtained when the pinhole (the observer’s eye) is very precisely set on the optical axis, corresponding to the formation of an Einstein ring plus a faint central image. Farther away from the optical axis and in a plane perpendicular to it, the light gets dimmer; the distribution of light does in fact correspond to convergence points there due to three light rays being deflected by the lens, and the total amplification of the images tends towards unity with increasing distance from the axis of symmetry. We may easily observe that if the pinhole lens is set somewhat to the side of the bright spot (see Fig. 19.3a), the Einstein ring breaks into two lensed images, plus a very faint third one, with a typical angular separation equal to the diameter of the Einstein ring (see Fig. 19.3b). As we may expect, symmetric lenses seldom occur in nature; usually the main lens itself is non-symmetric, or some non-symmetric disturbances are induced by the presence of neighboring masses. In our gravitational lens experiment, the effects of a typical non-symmetric gravitational lens may be simulated by simply tilting the optical lens with respect to the line connecting the source and the lens. The bright focal line along the optical axis that existed in the symmetric configuration then becomes a two-dimensional envelope, called a caustic in optics. A section of this caustic is visible as a closed curve having a diamond shape (made of four folds
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Figure 19.3 As the pinhole is set slightly away from the symmetry axis (a), the Einstein ring breaks up into two images, plus a third very faint central one (b).



Figure 19.4 Section of the caustic in the pinhole plane for the case of a nonsymmetric gravitational lens. The dark spot is the pinhole (see text).



and four cusps) in the pinhole plane, surrounded by an outer elliptical caustic (the latter is not conspicuous in Fig. 19.4). The word “caustic” in gravitational lensing always refers to this section of the optical two-dimensional caustic (in the symmetric case, the caustic degenerates into a single spot surrounded by a faint outer elliptical caustic, Fig. 19.2). As a result, the Einstein ring that was observed in the symmetric case is now split into four lensed images plus a very faint central one. Depending on where exactly the pinhole lens is located with respect to the caustic, different generic configurations of lensed images are produced. These are illustrated in Fig. 19.5 and compared



Figure 19.5 Images in the left-hand column represent the light from a distant source that is redistributed over the pinhole screen (in the experiment shown in Fig. 19.1) by a symmetric (a, b) or a non-symmetric (c–g) optical lens and for various positions of the pinhole (observer) seen as a dark spot. The central column (h–n) illustrates the corresponding lensed images projected onto the large screen located behind the pinhole screen, and the right-hand column (o–u) displays known examples of corresponding multiply imaged sources (0047-28078, 1009-0252, H1413+117, PG1115+080, HE1104-1805, Abell 370, and MG1131+0456). Images (p), (r), (s), and (t) were obtained with the Hubble Space Telescope, and the others using ground-based facilities (ESO and VLA/NRAO). From Surdej and Claeskens (2001,  C 2001 Kluwer Academic Publishers).
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with typical observations of multiply imaged extragalactic sources. All image configurations observed for gravitational lens systems can actually be reproduced with this straightforward gravitational lens experiment. The existence of giant luminous arcs in rich galaxy clusters, doubly imaged quasars, etc., had been predicted before they were actually discovered (Nottale 1988, Refsdal 1964, Liebes 1964). 3 The amplification bias The brightness distribution of the caustic in the pinhole plane is of course directly related to the amplification of the flux of the background quasar that would be measured by a distant observer. Typically, if the angular distance between the lens and the true source position is less than the Einstein angular radius θ E , the amplification is expected to be larger than several tens of percent. Considering a flux limited sample of quasars (i.e. magnitude 
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