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The Ups and Downs of the Hubble ConstantG.A. Tammann(in ollaboration with B. Reindl)Astronomishes Institut der Universität BaselVenusstrasse 7, CH-4102 Binningen, SwitzerlandG-A.Tammann�unibas.hAbstratA brief history of the determination of the Hubble onstant H0 is given.Early attempts following Lemaître (1927) gave muh too high valuesdue to errors of the magnitude sale, Malmquist bias and alibrationproblems. By 1962 most authors agreed that 75
∼
< H0

∼
< 130. After1975 a dihotomy arose with values near 100 and others around 55.The former ame from apparent-magnitude-limited samples and werea�eted by Malmquist bias. New distane indiators were introdued;they were sometimes laimed to yield high values of H0, but the mostreent data lead to H0 in the 60's, yet with remaining di�ulties as tothe zero-point of the respetive distane indiators. SNe Ia with theirlarge range and very small luminosity dispersion (avoiding Malmquistbias) o�er a unique opportunity to determine the large-sale value of

H0. Their maximum luminosity an be well alibrated from 10 SNe Iain loal parent galaxies whose Cepheids have been observed with HST.An unforeseen di�ulty � a�eting all Cepheid distanes � is that theirP-L relation varies from galaxy to galaxy, presumably in funtion ofmetalliity. A proposed solution is summarized here. The onlusionis that H0 = 63.2 ± 1.3 (random) ±5.3 (systemati) on all sales. Theexpansion age beomes then (with Ωm = 0.3, ΩΛ = 0.7) 15.1 Gyr.1 IntrodutionThe present value of the Hubble parameter is generally alled �Hubble Con-stant� (H0). The present value requires minimum look-bak-times; it is there-fore to be determined at the smallest feasable distanes and is adequatelyde�ned by
H0 =

v

r
[km s−1 Mp−1], (1)where v = cz, z = ∆λ/λ0, and r = distane in Mp. As long as z ≪ 1,it is indiated to interprete cz as a reession veloity beause the observermeasures the sum of the spae expansion term zcosmic = R0/Remission − 1(R being the sale fator) and zpec aused by the density �utuation-induedpeuliar motions. At small zcosmic and in high-density regions zpec is notnegligible. It is therefore mandatory to measure H0(osmi) at distaneswhere zcosmic ≫ zpec and outside of lusters. Any determination of H0 must1
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therefore ompromise between two onditions: the smallest possible galaxydistanes r and a minimum in�uene of zpec. The loal Group is obviouslyuseless for the determination of H0 beause it is probably gravitationallybound. The nearby Virgo luster a�ets the loal expansion �eld out to
∼ 2000 km s−1 (see Setion 6). At v ∼ 3000 km s−1 the relative ontributionof random veloities of �eld galaxies dereases to less than 10%, yet a volumeof roughly similar radius has a bulk motion of 630 km s−1 with respet tothe CMB. To be on the safe side it is therefore desirable to trae H0 out tosay ∼ 20 000 km s−1. The expansion rate at this distane is for all pratialpurposes still undistinguishable from its present value.The �rst spetra of galaxies and the measurement of their radial veloitiesby Slipher (1914) and later by M. Humason and others was an epohal ahieve-ment. Today the observation of the redshifts needed for the alibration of H0is routine. The emphasis here lies therefore entirely on the determination ofgalaxy distanes.2 The First Galaxy DistanesWhile the question as to the nature of the �nebulae� was still wide open,Hertzsprung (1914) applied the period-luminosity (P-L) relation of Cepheids,whih he had alibrated with Galati Cepheids, and found a distane modulusof SMC of (m− M)SMC = 20.3 (115 kp), roughly a fator 1.8 too large. A-ording to the ustom of the time he transformed the distane into a trigono-metri parallax of 0.′′0001, losing a fator of 10 during the proess. Whiletransforming the parallax into light years he lost another fator of ten. Thushis published distane of 3000 light years buried his sensational result.In the following year Shapley (1915) repeated Hertzsprung's measurement.For various reasons he now obtained a Cepheid distane of only (m−M)SMC =
16.1 (17 kp), whih he slightly inreased in 1918 and whih he ould take asa on�rmation of his onvition that all �nebulae� were part of his very largeGalati system.Lundmark (1920) was the �rst to reognize supernovae as a lass distintfrom novae. This explained the brightness of the �nova� 1885 in M31 and ledhim to a modulus of (m − M)M31 = 21.3 (180 kp). Still muh too low thevalue ould not be aommodated within even the wildest size estimates ofthe Galaxy. But the result had no in�uene on the �Great Debate� (f. Fernie1970).Öpik (1921, 1922) ingeniously used the rotation veloity of M31 to deter-mine the mass-to-light ratio of the galaxy and he broke the distane degener-ay of this value by adopting a very reasonable mass-to-light ratio of the Solarneighborhood. He obtained a stunningly good value of (m − M)M31 = 24.5(750 kp), whih he dereased in the following year by a fator of 1.7. Öpik'spapers remained unnotied.The disovery of several novae in �nebulae�, �rst by Rithey (1917), stimu-lated the searh for variability and led Hubble to the disovery of a Cepheid in2



M31 in 1923, � the �rst Cepheid beyond the Magellani Clouds. At the meet-ing of the Assoiation for the Advanement of Siene in Deember 1924 heannouned the disovery of several very faint Cepheids in M31. They provedthat many of the nebulae are atually �island universes�, but the proof wasnot yet generally aepted, beause van Maanen's (1923) laim of a detetablerotation of the spirals. Hubble published his Cepheid distane of M31 onlyin 1929a, after he had published the Cepheids in NGC6822 (1925) and M33(1926).Hubble used his Cepheid distanes to alibrate the brightest stars (Mpg =
−6.m3) and the mean luminosity of �bright� galaxies (Mpg = −15.m8; eithervalue being 4m −5m too faint). In this way he extended his distane sale outto the Virgo luster. In 1929b he plotted 31 of his distanes against Slipher'sradial veloities. Not without remaining doubts, he onluded from the orre-lation of these two parameters that the Universe was expanding and that theexpansion rate was H0 = 500 � a value whih he never deisively revised. Hispaper is generally onsidered to be the disovery of the expanding Universe,although Lemaître (1927) and Robertson (1928) had antiipated the resultand published expansion rates � using Hubble's distanes � orresponding to
H0 = 627 and 461, respetively. de Sitter (1930) used 54 galaxy diametersand radial veloities out to the Coma luster � again making extensive useof Hubble's data � to derive H0 = 461. Oort (1931), questioning Hubble'sbell-shaped galaxian luminosity funtion and inreasing the luminosity of thereally big galaxies, onluded that H0 ≈ 290. The result was important (yethardly notied) beause it implied an expansion age of ∼3.5 Gyr (For q0 = 0)and removed the open ontradition with geologial ages of the time.For the next 20 years little was done on H0 until Behr (1951) hallengedHubble's value. He notied the large luminosity satter of Loal Group galax-ies and he argued via the Malmquist e�et that Hubble's mean luminositywas too faint by ∼1.m5 if applied to more distant, magnitude-seleted galax-ies. (This is to my knowledge the �rst mentioning of Malmquist statistis inextragalati work). Citing Baade (1944) he also orreted Hubble's magni-tudes by 0.m35 (at 18.m3). These were Behr's two main reasons for derivinga value of H0 = 260. He would have found an even smaller value had heknown of Stebbins, Whitford, & Johnson's (1950) pioneering photoeletriphotometry whih proved Hubble's photometri sale error to be even larger.The Malmquist (1920, 1922) bias of apparent-magnitude-limited samplesas opposed to distane-limited samples (whih are very hard to ome by) wasfully aknowledged by stellar astronomers sine the 1920's, but it has beset �if negleted � the extragalati distane sale until quite reent times and ledonsistently to too high values of H0. The e�et is illustrated in Fig. 1 andshows that in magnitude-limited samples the mean absolute magnitudes of�standard andles� with non-vanishing luminosity dispersion beomes brighterwith inreasing distane. � A smaller, but frequent overestimate of H0 omesin ase of several individual determinations by averaging over Hi, instead ofover log Hi.In later years many ways have been proposed how to orret apparent-3



Figure 1: A Monte Carlo demonstration of the Malmquist Bias for 1000 �stan-dard andles� of �xed mean luminosity (−18m), non-zero luminosity disper-sion (σ = 2m) and r < 40 Mp. Constant spae density is assumed. Upperpanel: The unbiased distribution in absolute magnitude of a distane-limitedsample. Lower panel: The same sample, but ut by an apparent-magnitudelimit (13m). Note the inreasing mean luminosity and dereasing magnitudedispersion in progressive distane intervals. (Only the magnitude dispersion ofthe entire sample in the lower panel happens to be lose to the true dispersionin the upper panel). (By kindness of A. Spaenhauer).magnitude-limited samples in general and of �eld galaxies in partiular forMalmquist bias (e.g. Spaenhauer 1978; Tammann et al. 1979; Teerikorpi 1984,1997; Bottinelli et al. 1986; Sandage 1996, 1999b, 2002; Theureau et al. 1997;Goodwin et al. 1997; Paturel et al. 1998; Ekholm et al. 1999; Butkevih et al.2005, for a tutorial see Sandage et al. 1995). Also luster samples are af-feted by �Teerikorpi Cluster Population Inompleteness Bias� (Teerikorpi1987; Sandage et al. 1995). The hope that the inverse TF relation was bias-free has not substantiated (Teerikorpi et al. 1999). In all ases the orretionfor Malmquist bias requires large and fair samples.Baade (1948) had desribed the determination of improved extragalatidistanes as one of the major goals of the future 200′′ telesope. Contraryto Behr he stirred anything short of a sensation when he (1952) announedthat work in M31 had shown, that either the zero-point of the Cepheids orof the RRLyr stars must be in error. Sine Sandage's (published 1953) olor-4



Figure 2: The Hubble diagram of the 474 �eld galaxies with redshifts knownin 1956. The photographi magnitudes are orreted for Galati absorptionand the K-e�et (due to redshift). The full line has slope 0.2 orrespondingto linear expansion. A �t to the data gives a steeper slope, beause the meanluminosity inreases with distane due to Malmquist bias. (From Humasonet al. 1956).magnitude diagram of M3 had shown that the RRLyr stars are orret, theCepheid luminosities had to be inreased, as Mineur (1945) had already sug-gested. Baade onluded that �previous estimates of extragalati distanes. . . were too small by as muh as a fator of 2�, whih led him to H0 ∼ 250. A-ounting for the �rst four years of researh with the 200′′ telesope, Sandage(1954), inluding also novae, summarized the evidene for H0 and onluded
125 < H0 < 276.In their fundamental paper Humason, Mayall, & Sandage (1956) estimated
H0 = 180 on two grounds: (1) They showed that what Hubble had onsideredas brightest stars of NGC4321, a member of the Virgo luster, were atuallyHII regions. The brightest stars set in only ∼ 2m fainter. (2) The absolutemagnitude of M31, resulting from its apparent Cepheid modulus of (m−M) =
24.25 (Baade & Swope 1954), ould be used by the authors to alibrate theupper-envelope line of their Hubble diagram of �eld galaxies on the assumptionthat the luminosity of M31 must be mathed by at least some galaxies. Thiselegantly irumvented the problem of Malmquist bias (Fig. 2).5
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Figure 3: Determinations of H0 from 1927 to 1962.The onfusion between brightest stars and HII regions was elaborated bySandage (1958). The orresponding orretion together with the orretionof Hubble's photometri sale led him to onlude that the 1936 distanesale was too short by 4.m6 and onsequently that H0 = 75. He noted thatif the brightest stars had Mpg = −9.5 (whih is now well demonstrated)
H0 would beome 55. He also onluded from novae that Hubble's LoalGroup distanes were more nearly orret, i.e. too small by �only� 2.m3 onaverage. Sandage's paper has beome a lassi for not only having giventhe �rst modern values of H0, but also beause it ontains the �rst physialexplanation of the instability strip of Cepheids.The situation in mid-1961 was summarized by Sandage (1962) at the in-�uential 15th IAU Symposium in Santa Barbara. While he ited values of
H0 ∼ 110 by Sérsi (1960), van den Bergh (1960a), and Holmberg (1958), hisown values � based, in addition to Cepheids and brightest stars, on the sizeof HII regions � were 75−82 and possibly as low as 55. F. Zwiky pleaded inthe disussion for H0 = 175 from supernovae. The derease of H0 from 1927to 1962 is illustrated in Fig. 3.3 Work on H0 in 1962-1975A new epoh began with the Cepheid distane of M31 of (m−M)0 = 24.20±
0.14 (Baade & Swope 1963), derived by H.H. Swope after W. Baade's deathfrom his 200′′-plates and from H.C. Arp's photoeletri sequene. (For thehistory of the time f. also Sandage 1998, 1999a).By the same time the �diret� (i.e. non-spetrosopi) sta� members atthe Mount Wilson and Palomar observatories (W. Baade, E. Hubble, M. Hu-mason, A. Sandage, and others) had aumulated many 200′′-plates of a few6



galaxies outside the Loal Group for work on the Cepheids. Hubble andBaade had left their observations to Sandage, who in addition had set upphotoeletri sequenes around these galaxies, whose faintness and qualityhas remained unsurpassed until the advent of CCD detetors. Thus there wasa unique wealth of observations when I had the privilege to join the projetas Sandage's assistant in 1963.Although the �rst Cepheid distane of NGC2403 to ome out of the pro-gram on�rmed Sandage's 1962 value (Tammann & Sandage 1968), using thethen latest version of the Cepheid P-L relation (Sandage & Tammann 1968),it was ritiized as being (muh) too large (e.g. Madore 1976; de Vauouleurs1978; Hanes 1982). The modern value is atually only marginally smaller(Saha et al. 2005).The seond galaxy of the program, NGC5457 (M101), ame as a greatsurprise: its distane was found twie the value of Sandage's (1962) estimate(Sandage & Tammann 1974b), i.e. (m − M)0 = 29.3. The distane of M101and its ompanions was based on brightest stars, HII region sizes, and vanden Bergh's (1960a) luminosity lasses of spiral galaxies, but also heavily onthe absene of Cepheids down to the detetion limit. The faint Cepheids wereeventually found with HST, yielding (m−M)0 = 29.34 (Kelson et al. 1996) or
29.18 (Saha et al. 2005). In the mean time the distane had been denounedas being too large (e.g. de Vauouleurs 1978; Humphreys & Strom 1983).The new distane of M101 made lear that the brightest spirals of luminos-ity lass (LC) I are brighter than antiipated and that the luminosity of theirbrightest stars and the size of their largest HII regions had to be inreased.This led immediately to a distane of the Virgo luster of (m − M) = 31.45(Sandage & Tammann 1974), � a value probably only slightly too small (f.Tammann et al. 2002). The ensuing luminosity alibration of LC I spiralsould then be applied to a speially seleted, distane-limited sample of 36suh galaxies, bounded by 8500 km s−1. The onlusion was that H0 = 55± 5�everywhere� (Sandage & Tammann 1975). The largest ontribution to thesystemati errors was attributed to the alibration through Cepheids.In almost half a entury from 1927 to 1975 the galaxy distanes haveinreased by roughly a fator of 10. The streth fator is non-linear, being
∼2 for the nearby LMC and SMC, but ∼10 for M101 and beyond (Fig. 4).4 H0 after 1975Work on H0 exploded after 1975. The new ativity was initiated by G. deVauouleurs. Having started with H0 = 50 from brightest globular lusters(de Vauouleurs 1970), he swithed to H0 ∼ 100 ± 10 (de Vauouleurs 1977;de Vauouleurs & Bollinger 1979). By assuming rather short loal distanesand by turning a blind eye to all seletion e�ets, he managed to maintainthis value � eventually with strong diretional variations � until his last paperon the subjet (de Vauouleurs & Peters 1985).Old and new methods of distane determinations were employed. They7
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Figure 4: The development in time of some distanes of loal galaxies asstepping stones for the extragalati distane sale. (Hubble's 1950 distanesin Holmberg (1950); ST stands for Sandage & Tammann).may be divided into 1) those using individual objets in galaxies, and 2) thoserelying on global galaxian properties.4.1 Individual objets as distane indiatorsa) RR Lyr stars. Extensive work on their luminosity alibration in funtion ofmetalliity seems now to onverge, but their remain some exeptions. Theirrange is so far on�ned to the Loal Group. For a review see Sandage &Tammann (2006).b) Cepheids. See Setion 5.2.2 and Sandage & Tammann (2006).) Brightest stars. The luminosity of brightest stars, Hubble's lassial vehile,lost muh of its grip when it was shown that it depends on the size (luminosity)of the parent galaxy (Sandage & Tammann 1974a).d) Size of HII regions. The size of the largest HII regions in late-type galaxieswas introdued as a distane indiator by Sérsi (1960) and Sandage (1962).Imaging of many galaxies with an Hα �lter by Sandage extended the distanesale onsiderably (Sandage & Tammann 1974b), but also here it was foundthat the size depends on the size of the parent galaxy. The method is notompetitive anymore.e) Globular lusters (GCs). The luminosity of the peak of the bell-shapedluminosity funtion (LF) of GCs has been proposed as a standard andle (vanden Bergh et al. 1985). The method seems attrative beause its alibration8



depends on the well de�ned LF of Galati GCs whose Population II distanesare independent of Cepheids. It was employed by several authors (for reviewssee Harris 1991; Whitmore 1997; Tammann & Sandage 1999). But the basiassumption that the LF was universal is shattered by the fat that some GColor funtions and LFs show double peaks, and by doubts that the formationof GCs is a unique proess.f ) Novae. After the onfusion of novae and supernovae had been lifted byLundmark (1920), novae played a role as distane indiators in their own right.Instead of the luminosity at maximum, whih has a very wide dispersion, themagnitude 15 days after maximum or the luminosity-deline rate relationwere used. The independent alibration an ome, at least in priniple, fromexpansion parallaxes of Galati novae (Cohen 1985). The data aquisitionof novae is demanding on telesope time and little has been done in reentyears.g) Planetary nebulae (PNe). Following a proposal by Ford & Jenner (1978)also brightest planetary nebulae have been widely used as distane indiators.But the method seems to depend on population size (Bottinelli et al. 1991;Tammann 1993), hemial omposition, and age (Méndez et al. 1993); more-over the PNe in NGC4697 have di�erent LFs depending on their dynamis(Sambhus et al. 2005).h) The tip of the red-giant branh (TRGB). It was shown by Da Costa &Armandro� (1990) that the TRGB in globular lusters has a �xed absolute
I-magnitude, irrespetive of metalliity. The TRGB has hene been used as adistane indiator by several authors (Lee et al. 1993; Salaris & Cassisi 1997;Madore et al. 1997; Sakai 1999; Karahentsev et al. 2003; Sakai et al. 2004).The method is of great interest sine its alibration rests on Population II ob-jets (GCs and RRLyr stars) and provides an independent test of the Cepheiddistane sale. I will return to the point in Setion 5.2.2.i) Supernovae of type Ia (SNe Ia). See Setion 5.2.1.4.2 Global properties of galaxies as distane indiatorsa) Luminosity lasses (LC) of spiral galaxies. The luminosity of a spiralgalaxy orrelates with the �beauty� of its spiral struture. Correspondinglythey were divided into lass I (the brightest) to V (the faintest) by van denBergh (1960b,,d) with additional galaxies lassi�ed by Sandage & Tam-mann (1981) and others. The purely morphologial LC lassi�ation is in-dependent of distane; it yields therefore relative distanes whih were valu-able for many years when veloity distanes where suspeted to be severelydistorted by peuliar and streaming motions. Loally alibrated LC I spi-rals out to 6000 km s−1 from a distane-limited sample were used to derive
H0 = 56.9 ± 3.4 (Sandage & Tammann 1975). Bias-orreted LC distanesled Sandage (1999b) to H0 = 55 ± 3.b) 21m-line widths. 21m (or alternatively optial; see Mathewson at al.1992; Mathewson & Ford 1996) spetral line widths are a measure of a galaxy'srotation veloity, if orreted for inlination i, and hene orrelate with its9
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for normal early-type galaxies to set the zero-point of the distane sale. Insome ases one may infer an assoiation between an E/S0 galaxy and a spiralwith known Cepheid distane, or one may assume that the spei� methodapplies also to the bulges of spiral galaxies. But these ases remain few, whileatually many alibrators would be needed in view of the large intrinsi satterof ∼> 0.m3, i.e. muh larger than that of SNe Ia.) Brightest luster galaxies (BCG). The important potential of BCGs asstandard andles to trae the expansion of the Universe was exploited �rst byHumason (1936; Humason et al. 1956). The work was propelled by Sandage(1967, 1968, 1972, 1973). His papers were the deisive proof for osmi expan-sion at a time when many astronomers speulated in view of the large quasarredshifts about a mysterious origin of redshifts. The last paper (Sandage &Hardy 1973) on the subjet ontaining galaxies of moderate redshift lists 72BCGs with 3500 < vCMB < 30 000 km s−1. They de�ne a Hubble line of
log v = 0.2m1st + (1.364 ± 0.007) (3)with a satter of σm = 0.m29. This implies

log H0 = 0.2M1st + (6.364 ± 0.007). (4)The mean absolute magnitude (in their orreted photometri system) of thetwo BCGs in the Virgo and Fornax lusters is M1st = −23.m15, using theluster distanes from Cepheids and SNe Ia (see below). Hene H0 = 54.2 ±
5.4.d) The Dn-σ or fundamental plane method (FP). The orrelation of the ve-loity dispersion σ of E/S0 galaxies with their luminosity was pointed outby Minkowski (1962) and Faber & Jakson (1976). Later the luminosity wasreplaed by a suitably normalized diameter Dn (Dressler et al. 1987) or bysurfae brightness (Djorgovski & Davis 1987). The method was extended tothe bulges of spiral galaxies by Dressler (1987) who derived H0 = 67±10. Fed-erspiel (1999) used the great wealth of Dn-σ data by Faber et al. (1989) in twoways. First he derived the modulus di�erene between the Virgo and Comaluster to be 3.75± 0.20 from 23 Virgo and 33 Coma members. With a Virgomodulus of (m−M)0Virgo = 31.47± 0.16 from Setion 6 one obtains therefore
(m−M)0Coma = 35.22±0.26. Seondly he used an apparent-magnitude-limitedsubset of 264 early-type, high-quality �eld and luster galaxies brighter than
13.m5 to derive a value of H0 after orreting for Malmquist bias followingthe method outlined in Federspiel et al. (1994). Beyond vCMB = 4000 km s−1his bias orretions beome unreliable beause the sample is far from beingomplete to the apparent-magnitude limit. That Malmquist bias must indeedbe a major problem for the Dn-σ and FP methods stems from their intrinsisatter of σm = 0.m36 as seen in the Coma (Federspiel 1999) and other luster(Jørgensen et al. 1996). For that reason laims of deteted streamings towardthe �Great Attrator� just outside 4000 km s−1 (Lynden-Bell et al. 1988) arenot beyond doubt. � Within vCMB = 4000 km s−1 Federspiel's (1999) analysisyields H0 = 57.0± 4.4 if the Virgo modulus from Setion 6 is adopted for thealibration. 12
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200 km s−1.e) Surfae brightness �utuations (SBF). This method has been introdued byTonry & Shneider (1988) and extensively used for E/S0 galaxies (Tonry et al.2001). The size of the �utuations shows little dependene on metalliity ifmeasured in the infrared; the dependene on stellar population is ompensatedby allowing for the olor (V −I). SBF distanes of four reent investigations,based on observations with HST, are plotted in a Hubble diagram in Fig. 8.The distane zero-point depends entirely on Cepheid distanes, either of upto six spirals whose bulges are treated like an E/S0 galaxy or/and of 1-5aggregates ontaining E/S0's as well as spirals with Cepheid distanes. Therelative small satter of σm = 0.m26 beyond 3000 km s−1, � yet signi�antly13
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Table 1: Present determinations of H0 reahing out to vCMB > 3000 km s−1.Method σm range alibration1) H0
2)intrinsi km s−1TF 0.45 25 000 Fornax 65.6 ± 4.1BCG 0.30 30 000 Virgo + Fornax 54.2 ± 5.4Dn-σ 0.36 4 000 Virgo 57.0 ± 4.4Dn-σ 0.36 10 000 Coma 70.4 ± 9.0SBF 0.26 10 000 Cepheid dist. (71.6)SNe Ia 0.10 30 000 10 Cepheid dist. 62.3 ± 1.3

1) For easier omparison all underlying Cepheid distanes are taken fromSaha et al. (2005)
2) The systemati error of the Cepheid distane sale is not inluded4.3 Various determinations of H0 after 1975The above distane indiators have been used in various ombinations toderive values of H0. Many authors have ontributed; a representive subsethas been ompiled in Table 2. The resulting values of H0 sine 1975 areplotted in Fig. 9 against the year of publiation.Table 2: Values of H0 from 1974 − 2005.Year H0 Code Referene(a) various methods, orr. for bias [•℄1974 56 ST Sandage, A., & Tammann, G.A. 1974, ApJ 194, 2231974 57 ST Sandage, A., & Tammann, G.A. 1974, ApJ 194, 5591975 57 ST Sandage, A., & Tammann, G.A. 1975, ApJ 196, 313; 197, 2651977 52.5 T Tammann, G.A. 1977, in Redshifts and the Expansion of theUniverse, 431982 50 ST Sandage, A., & Tammann, G.A. 1982, ApJ 256, 3391988 69 vdB van den Bergh, S. 1988, in The Extragalati Distane Sale,ASP Conf. Ser. 4, 3751988 56 T Tammann, G.A. 1988, in The Extragalati Distane Sale, ASPConf. Ser. 4, 2821988 55 Te Terndrup, D.M. 1988, in The Extragalati Distane Sale, ASPConf. Ser. 4, 2111990 71 Go Gouguenheim, L., et al. 1990, in Pro. XXIVth Moriond Meet-ing, 31990 52 ST Sandage, A., & Tammann, G.A. 1990, ApJ 365, 11995 57 ST Sandage, A., & Tammann, G.A. 1995, ApJ 446, 11996 56 S Sandage, A. 1996, AJ 111, 11996 50 S Sandage, A. 1996, AJ 111, 181996 81 vdB van den Bergh, S. 1996, PASP 108, 10911997 52.5 G Goodwin, S. P., Gribbin, J., & Hendry, M.A. 1997, AJ 114, 22121997 55 T Tammann, G.A., & Federspiel, M. 1997, in The ExtragalatiDistane Sale, ed. M. Livio (Cambridge Univ. Press), 1371998 60 Pt Paturel, G., et al. 1998, A&A 339, 6711999 55 S Sandage, A., 1999, ApJ 527, 4792000 68 M Mould, J. R., et al. 2000, ApJ 529, 7862001 55 T Tammann, G.A., Reindl, B., & Thim, F. 2001, in Cosmologyand Partile Physis, AIP Conf. Pro. 555, 22615



Table 2: (Continued)Year H0 Code Referene2002 58 S Sandage, A. 2002, AJ 123, 11792002 59.2 T Tammann, G.A., et al. 2002, in A New Era in Cosmology, ASPConf. Pro. 283, 2582002 56.9 T Tammann, G.A., & Reindl, B. 2002, in The Cosmologial Model,XXXVIIth Moriond Ap. Meeting, 13(b) various methods, not orr. for bias [◦℄1972 100 deV de Vauouleurs, G. 1972, in External Galaxies and Quasi-StellarObjets, IAU Symp. 44, 3531976 75 deV de Vauouleurs, G. 1976, ApJ 205, 131977 85 deV de Vauouleurs, G. 1977, in Redshifts and the Expansion of theUniverse, 3011978 95 deV de Vauouleurs, G. 1978, in The Large Sale Struture of theUniverse, IAU Symp. 79, 2051981 96 deV de Vauouleurs, G., & Peters, W. L. 1981, ApJ 248, 3951986 109 deV de Vauouleurs, G., & Peters, W. L. 1986, ApJ 303, 191986 99 deV de Vauouleurs, G., & Corwin, H.G. 1986, ApJ 308, 4871986 95 deV de Vauouleurs, G. 1986, in Galaxy distanes and deviationsfrom universal expansion, eds. B.F. Madore & R.B. Tully, (Dor-dreht: Reidel), 11993 85 deV de Vauouleurs, G. 1993, ApJ 415, 101993 90 Tu Tully, R.B. 1993, in Pro. Nat. Aad. Si. 90, 48061997 81 Gz Gonzales, A.H., & Faber, S.M. 1997, ApJ 485, 801997 73 M Mould, J. R., et al. 1997, in The Extragalati Distane Sale,ed. M. Livio (Cambridge Univ. Press), 1582001 72 Fr Freedman, W. L., et al. 2001, ApJ 553, 47() SNe Ia [⋄℄1982 50 ST Sandage, A., & Tammann, G.A. 1982, ApJ 256, 3391988 59 Br Branh, D. 1988, in The Extragalati Distane Sale, ASP Conf.Ser. 4, 1461990 46.5 TL Tammann, G.A., & Leibundgut, M. 1990, A&A 236, 91994 52 SN Saha, A., et al. 1994, ApJ 425, 141995 52 SN Saha, A., et al. 1995, ApJ 438, 81995 56.5 SN Tammann, G.A., & Sandage, A. 1995, ApJ 452, 161995 71 Pi Piere, M. J., & Jaoby, G.H. 1995, AJ 110, 28851996 56.5 SN Saha, A., et al. 1996, ApJ 466, 551996 63.1 H Hamuy, M., et al. 1996, AJ 112, 23981997 56 SN Saha, A., et al. 1997, ApJ 486, 11999 60 SN Saha, A., et al. 1997, ApJ 522, 8021999 62.9 TB Tripp, R., & Branh, D. 1999, ApJ 525, 2091999 63.9 Su Suntze�, N.B., et al. 1999, ApJ 500, 5251999 63.3 Ph Phillips, M.M. 1999, AJ 118, 17661999 64.4 J Jha, S., et al. 1999, ApJS 125, 732000 68 G Gibson, B.K., et al. 2000, ApJ 529, 7232000 58.5 SN Parodi, B.R., et al. 2000, ApJ 540, 6342001 71 Fr Freedman, W. L., et al. 2001, ApJ 553, 472001 58.7 SN Saha, A., et al. 2001, ApJ 562, 3142004 71 A Altavilla, G., et al. 2004, MNRAS 349, 13442005 73 R Riess, A.G., et al. 2005, ApJ 627, 5792006 62.3 SN Tammann, G.A., et al., ApJ, to be published(d) Tully-Fisher, orr. for bias [N℄1976 50 ST Sandage, A., & Tammann, G.A. 1976, ApJ 210, 71997 55 Th Theureau, G., et al. 1997, A&A 322, 7301999 58 F Federspiel, M. 1999, Ph.D. Thesis, Univ. of Basel16



Table 2: (Continued)Year H0 Code Referene1999 53 E Ekholm, T., et al. 1999, A&A 347, 992000 55 Th Theureau, G. 2000, in XIX Texas Symposium, eds. E. Aubourget al. Mini-Symp. 13/122002 65 He Hendry, M.A. 2002, in New Era in Cosmology, eds. T. Shanks,& N. Metalfe, ASP Conf. Ser. 283, 258(e) Tully-Fisher, not orr. for bias [△℄1977 82 Tu Tully, R. B., & Fisher, J. R. 1977, in Redshifts and the Expansionof the Universe, 951980 95 Aa Aaronson, M., et al. 1980, ApJ 239, 121984 91 Bo Bothun, G.D., et al. 1984, ApJ 278, 4751986 90 Aa Aaronson, M., et al. 1986, ApJ 302, 5361988 85 Pi Piere. M. J., & Tully, R. B. 1988, ApJ 330, 5791988 85 H Huhra, J. P. 1988, in The Extragalati Distane Sale, ASPConf. Ser. 4, 2571994 86 Pi Piere, M. J. 1994, ApJ 430, 531997 70 Gi Giovanelli, R. 1997, in The Extragalati Distane Sale, ed. M.Livio (Cambridge Univ. Press), 1132000 77 Tu Tully, R.B., & Piere, M. J. 2000, ApJ 533, 7442000 81 R Rothberg, B., et al. 2000, ApJ 533, 7812000 71 Sk Sakai, S., et al. 2000, ApJ 529, 698(f) Dn-σ, fundamental plane [+℄1987 67 D Dressler, A. 1987, ApJ 317, 11999 52 F Federspiel, M. 1999, Ph.D. Thesis, Univ. of Basel2000 78 K Kelson, D.D., et al. 2000, ApJ 529, 768(g) globular lusters[×℄1979 80 Hn Hanes, D.A. 1979, MNRAS 188, 9011988 61 Hs Harris, W.E. 1988, in The Extragalati Distane Sale, ASPConf. Ser. 4, 2311993 85 deV de Vauouleurs, G. 1993, ApJ 415, 331995 78 W Whitmore, B.C., et al. 1995, ApJ 454, 731996 68 B Baum, W.A., et al. 1996, A&AS 189, 12041997 82 W Whitmore, B.C. 1997, in The Extragalati Distane Sale, ed.M. Livio (Cambridge Univ. Press), 2542000 69 K Kavelaars, J. J., et al. 2000, ApJ 533, 125(h) planetary nebulae [◦℄1990 87 Ja Jaoby, G.H., et al. 1990, ApJ 356, 3321991 77 Bo Bottinelli, L., et al. 1991, ApJ 252, 5501993 75 M MMillan, R., et al. 1993, ApJ 416, 622002 78 Ci Ciardello, R., et al. 2002, ApJ 577, 31(i) surfae brightness �utuations [◦℄1989 88 To Tonry, J. L., et al., 1989, ApJ 346, 571997 81 To Tonry, J. L. 1997, in The Extragalati Distane Sale, ed. M.Livio (Cambridge Univ. Press), 2971998 82 La Lauer, T.R., et al. 1998, ApJ 499, 5771999 74 Bl Blakeslee, J. P., et al. 1999, ApJ 527, 731999 87 Je Jensen, J. B., et al. 1999, ApJ 510, 712000 77 To Tonry, J. L., et al. 2000, ApJ 530, 6252001 73 Aj Ajhar, E.A., et al. 2001, ApJ 559, 584
17
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Figure 9: Various values of H0 sine 1975. Di�erent symbols indiate di�erentmethods of distane determinations. Open symbols indiate when H0 is basedon apparent-magnitude-limited samples; losed symbols stand for bias-free orbias-orreted samples.5 HST and H0With the advent of HST two major ampaigns were started for the determi-nation of H0.5.1 The HST Key Projet on the Extragalati DistaneSaleThe original programwas to observe Cepheids in many inlined spirals in orderto provide a alibration for the I-band TF relation (Aaronson & Mould 1986);at the time the authors still favored a value of H0 = 90. Later the Cepheiddistanes were planned (Kenniutt et al. 1995) to also alibrate the LF of PNeand the expanding-atmosphere parallaxes of SNe II, of novae, and of the peakof the LF of GCs. Surprisingly the authors made only ursory referene to theproblem of Malmquist bias. The program team, onsisting of 26 ollaboratorsprovided 19, i.e. almost half of all published Cepheid distanes. The distaneswere based on the P-L relation of 22 LMC Cepheids and a zero-point set at
(m − M)0LMC = 18.50 (Madore & Freedman 1991). In a �rst summary paperMould et al. (2000) onluded from the TF and SBF methods, from SNe Iaand, now also from the FP method that H0 = 68±6, if they made allowane forhigh-metalliity, (long-period) Cepheids being somewhat brighter than theirLMC ounterparts. Unfortunately Freedman et al. (2001) raised the resultto H0 = 72 ± 8 on the basis of an interim P-L relation (Udalski et al. 1999)whih is now untenable. 18



5.2 The HST Projet for the Luminosity-Calibration ofSNe IaA small group of astronomers (A. Saha, F.D. Mahetto, N. Panagia, I, andA. Sandage as PI) proposed to observe Cepheids with HST in galaxies whihhad produed a well observed SN Ia. The results for 8 galaxies were published;4 additional ones ame from external soures (Turner et al. 1998; Tanvir et al.1999; Mari et al. 2001; Riess et al. 2005). Two out of the 12 SNe Ia arespetrosopially peuliar and were exluded, leaving 10 Cepheid distanesfor the alibration of normal SNe Ia. The program has only reently beenompleted beause (1) the WFPC2 on HST was to be realibrated (Saha et al.2005), and (2) unexpeted ompliations were found with the P-L relation ofCepheids (see below Se. 5.2.2). The route to H0 was desribed in �ve papers(Tammann et al. 2003; Sandage et al. 2004, 2006; Reindl et al. 2005; Sahaet al. 2005), of whih only a summary is given here.5.2.1 The Hubble diagram of SNe IaThe �rst Hubble diagram of SNe Ia was shown by Kowal (1968). Its largedispersion was steadily dereased by subsequent authors. By 1979 SNe Ia hademerged as so reliable standard andles that it ould be proposed to observethem at large redshifts (z ∼> 0.5) for a determination of Λ (Tammann 1979).It is well known that this has beome possible sine; how muh easier must itbe to use SNe Ia at small redshifts for a determination of H0! � if only theirluminosity alibration is realized.There are now 124 SNe Ia nearer than 30 000 km s−1 with known B, Vand in most ases I magnitudes at maximum as well as deline rates ∆m15(the deline in mag over the �rst 15 days past Bmax). Exluding 13 spetro-sopially peuliar objets leaves 111 normal SNe Ia. Their magnitudes areorreted for Galati and internal absorption (Reindl et al. 2005). The in-ternal reddening is determined by adopting the intrinsi olors (B−V )0 and
V−I)0 � and their non-negligible dependene on ∆m15 � from 21 SNe Ia in (al-most) dust-free E/S0 galaxies. The absorption-orreted absolute magnitudes
M0

BV I
, alulated from veloity distanes, orrelate with the Hubble type ofthe parent galaxy, SNe Ia in early-type galaxies being fainter. This dependeneon Hubble type an empirially be removed by normalizing the magnitudesto a standard value of the deline rate, say ∆m15 = 1.10. Also the slightdependene of the luminosity on (B−V )0 is removed by normalizing to theolor at ∆m15 = 1.1 [(B−V )01.1 = −0.024℄. The resulting magnitudes mcorr

BV Ian be plotted in a Hubble diagram; as an example mcorr
V

is shown in Fig. 10.A �duial sample of 62 normal SNe Ia with 3000 < vCMB < 20 000 km s−1, i.e.in the ideal range to alibrate the large-sale value of H0, de�ne a Hubble lineof
log v = 0.2mcorr

λ + Cλ, (6)with CB = 0.693±0.004, CV = 0.688±0.004,CI = 0.637±0.004. The solutionfor the interept Cλ is very robust against hosing di�erent SN subsets (see19
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log H0 = 0.2M corr

λ + Cλ. (7)In order to obtain H0 it remains �only� to alibrate M corr
λ

for some nearbySNe Ia with known Cepheid distanes. It may be noted that the error of Cλis so small, that the statistial error of H0 will essentially depend on only theerror of M corr
λ

.5.2.2 Cepheid distanes of galaxies with SNe IaThe determination of Cepheid distanes has beome muh more ompliatedsine it has been realized that the P-L relation is not universal. In partiularthe relations in the Galaxy and in LMC are signi�antly di�erent (Tammannet al. 2002). The Galati P-L relation in BV I is quite well de�ned by 33Cepheids in open lusters (with a zero-point at (m − M)0Pleiades = 5.m61)and 36 Cepheids with moving-atmosphere (BBW) parallaxes by Fouqué et al.(2003) and a few others (see also Ngeow & Kanbur 2004). The P-L relationin BV I of LMC rests on 593 very well observed Cepheids from the OGLEprogram (Udalski et al. 1999) and 97 bright Cepheids from various soures aswell as an adopted zero-point of (m−M)0LMC = 18.54. Long-period GalatiCepheids with a mean metalliity of [O/H℄ = 8.60 are brighter than theirLMC ounterparts with [O/H℄ = 8.36. The details of the two di�erent P-L20
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trapolating) their distanes from Galati and LMC P-L relations aordingto their metalliity as measured by [O/H℄. The ensuing metalliity orretionsare somewhat larger than proposed by Kenniutt et al. (1998) and Sakai et al.(2004), but they are justi�ed by several omparisons with external data; forinstane the adopted Cepheid distanes of nine galaxies for whih also inde-pendent, metal-insensitive TRGB distanes are available (Sakai et al. 2004)show no systemati trend with [O/H℄. Also the resulting SN Ia luminosities donot show a signi�ant orrelation with the metalliity of their parent galaxies.Finally it may be noted thar the metal-rih (inner) and metal-poor (outer)Cepheids in M101 give the same distane to within 0.m01.5.2.3 The value of H0As mentioned before there are 10 normal SNe Ia in galaxies with Cepheiddistanes. The absorption-orreted, normalized magnitudes mcorr
BV I

of theseSNe Ia are derived in exatly the same way � and this is an important point �as for the distant SNe Ia whih de�ne the Hubble diagram in Fig. 10 (Reindlet al. 2005). The metalliity-orreted distanes of the 10 SN Ia parent galaxiesare derived by Saha et al. (2005). Combining the magnitudes mcorr
BV I

withthe orresponding distanes yields immediately the absolute magnitudes; theweighted means beome M corr
B

= −19.49± 0.04, M corr
V

= −19.46± 0.04, and
M corr

I
= −19.22 ± 0.05. By inserting the absolute magnitudes with theirappropriate interepts Cλ (eq. 6) into eq. (7) one �nds H0(B) = 62.4 ± 1.2,

H0(V ) = 62.4 ± 1.5, and H0(I) = 62.1 ± 1.4, or the mean for sales of theorder of 20 000 km s−1

H0 = 62.3 ± 1.3 (random error). (9)The systemati error of this result has been disussed in some detail bySandage et al. (2006) and estimated to be ±5.3, most of whih is ausedby the non-uniqueness of the P-L relation of Cepheids and the losely relatedquestion of the metalliity orretion of Cepheid distanes.6 The Loal Value of H0 and the Random Mo-tions of Field GalaxiesFor a number of �loal� galaxies with v220 < 2000 km s−1 Cepheid and/orSN Ia distanes are available. Exluding members of the Virgo and Fornaxlusters and four nearby galaxies with (m − M)0 < 28.2 leaves 34 galaxieswith at least one distane determination. Their distane-alibrated Hubble-diagram shows a very large satter of σm = 1.m0, whih an only be due topeuliar veloities. It is redued to σm = 0.m46 if the 12 galaxies are omittedwhose distane from the Virgo luster (M87) is < 25◦ (Fig. 12a). Clearly aregion of 25◦ (∼ 8 Mp) radius about the Virgo luster is haraterized bymuh larger turbulent motions than the �normal� �eld. The satter in the�eld is further redued to σm = 0.m32 if the veloities v0 (orreted to the22
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Figure 12: The loal distane-alibrated Hubble diagram of 34 galaxies with
v220 < 2000 km s−1 for whih 27 Cepheid distanes (dots) and 16 SN Ia dis-tanes (triangles) are available. Galaxies within 25◦ from the Virgo luster orwith (m − M)0 < 28.2 are shown as open symbols. The Hubble line is a �tto only the losed symbols. a) using veloities v0 orreted to the baryenterof the Loal Group. b) using veloities v220 orreted for Virgoentri infall.) same as b) but with the Virgo and Fornax lusters added.entroid of the Loal Group; Yahil et al. 1977) are replaed by v220. The v220veloities are orreted for a selfonsistent Virgoentri infall model with aloal Virgoentri veloity vetor of 220 km s−1 (Yahil et al. 1980; Tammann& Sandage 1985; Kraan-Korteweg 1986). This model �nds here support fromthe unexpetedly small satter in Fig. 12b, where the v220 veloities are used.In Fig. 12 also the Virgo and Fornax lusters are plotted with theirmean Cepheid and SN Ia distanes (〈m − M〉0Virgo = 31.47 ± 0.16, 〈v220〉 =

1179 km s−1 and 〈m − M〉0Fornax = 31.56 ± 0.13, 〈v220〉 = 1338 km s−1; seeSandage et al. 2006). They �t on the Hubble line well within the errors.The resulting value of H0(loal) = 62.8±1.6 is undistinguishable from thelarge-sale value. This does not mean that the expansion is blind toward den-sity �utuations, beause the gravitational e�et of the Virgo luster omplexhas been eliminated by subtrating the Virgoentri �ow model.The small satter of 0.m32 in Fig. 12b of the �eld galaxies outside the
25◦ irle puts strong upper limits on the size of the peuliar motions, i.e.
∂v/v = 0.16 even without allowing for distane errors. The typial peuliarveloity of a galaxy at say 1000 km s−1 is therefore < 160 km s−1. � Alsothe peuliar motions of more distant �eld galaxies are restrited by SNe Ia.The 20 SNe Ia in E/S0 galaxies (and hene little internal absorption) with
5000 < vCMB < 20 000 km s−1 satter about the Hubble line, as stressedbefore, by only 0.m10 (in I magnitudes, Reindl et al. 2005). Some of thissatter must be due to photometri errors and to the intrinsi dispersion ofthe normalized SN Ia magnitudes; ∂v/v = 0.05 or vpec = 300 km s−1 at adistane of 6000 km s−1 are therefore generous upper limits.23



7 Conluding RemarksIn general astronomial distanes depend on objets whose distanes are al-ready known and ultimately, with a few exeptions, on trigonometri paral-laxes and hene on the AU. But methods of determining distanes from thephysis or geometry of some objets, without reourse to any other astronom-ial distane, are gaining inreasing weight. Already the moving-atmosphere(BBW) method ontributes to the alibration of the Galati P-L relation ofCepheids. The single, intrinsily aurate water maser distane of NGC4258(Herrnstein et al. 1999) does not yet su�e for an independent alibration ofthe P-L relation (see Saha et al. 2005). The reently improved expanding-atmosphere distane of SN II 1999em (Baron et al. 2004) agrees well with theCepheid distane of its parent galaxy NGC1637. Nadyozhin's (2003) plateau-tail method for SNe IIP yields H0 = 55 ± 5 on the assumption that the 56Nimass equals the explosion energy. Models of SNe Ia yield Mbol ≈ MV = −19.5(Branh 1998, for a review) in fortuitous agreement with the empirial valueof MV = −19.46.Muh promise to determine H0 aurately lies in the Sunyaev-Zeldovih(SZ) e�et and in gravitationally lensed quasars; extensive work has gone intoboth methods. The SZ e�et yields typial values of H0 = 60 ± 3, yet thesystemati error is still ∼±18 (Carlstrom et al. 2002 for a review; see also e.g.Udomprasert et al. 2004; Jones et al. 2005). Results from lensed quasars liestill in a wide range of 48 < H0 < 75 (e.g. Saha & Williams 2003; Koopmanset al. 2003; Kohanek & Shehter 2004; York et al. 2005).A strong driver to determine H0 as aurately as possible omes fromthe CMB. The interpretation of its Fourier spetrum depends on at leasttwelve free parameters, several of whih annot be determined elsewhere. Asimultaneous solution for all twelve parameters yields H0 = 66 ± 7 (Reboloet al. 2004). It would bring important progress for the understanding of theCMB spetrum if an independently determined value of H0 ould be used asa reliable prior.The value of H0 = 62.3 orresponds to an expansion age of 15.1 Gyrin a �at ΛCDM model with ΩΛ = 0.7. This gives a su�ient time framefor the oldest ages in the Galaxy. Stellar-evolution models give for M107
14.0 ± 2.8 (Chaboyer et al. 2000) and for M92 13.5 Gyr (VandenBerg et al.2002). Models of the hemial evolution of the Galaxy yield ages of theatinides of 12.4−14.7 Gyr (Thielemann et al. 1987) or a U/Th age of 14.5±2.5(Dauphas 2005). The emphasis has shifted over the last years to the Th/Eudating of ultra-metal-poor giants. Typial results lie between 14.2 ± 3.0 and
15.6 ± 4.0 Gyr (Cowan et al. 1999; Westin et al. 2000; Truran et al. 2001;Sneden et al. 2003). The ages are to be inreased by the gestation time ofthe relevant objets; some galaxies may also have started their star formationbefore the Galaxy did. The present age determinations are not yet su�ientlyaurate to set stringent limits on H0, but the essential point is that none ofthese ages are signi�antly larger than allowed for by the expansion age.24
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