
植➿㸘㸾锷
痥㔐



㸘㸾
䖂〢⢵➙閕⛒㸾㔊倯♳♴閕⛒㸘�
ջ帶⽂㶨խ뢵⤹鎮ռ
6OJWFSTF

㸾儗㸘瑞

6OJ	♧ךא��7FSTF�	㔐鯄ׅך

.VMUJWFSTF
$PTNPT ĜόĤĞġĤ	獘䎷֮禸կؕؔךأ㼎纏铂

罋ִה岀ָ֮װ獘䎷然㔿כ
�����갦$�#	أٓ؞ةؾ



猰㷕涸倯岀״ח㸘㸾灇瑔
椚锷岀

⟎铡

✮鎉

㹋꿀״ח嗚鏾
鏾䬿ךפ⣛㶷�
僇然ז穠锷ך㶷㖈�
黝ⴖז䱿锷⟎㹀



㣓⹛铡
佄ꂁ⫸䲽ך㸘㸾ךדת��⚅秀꣬⟄أؔ؎وٖزف

䞨僤ך⡘縧✮庠ח铎䊴կワ鯄ⰼ״ח⥜姻կ

IUUQ���IPPLUBJM�TVC�KQ



㣓⹛铡ַ㖑⹛铡פ
㖑⹛铡ךأؙصٕل؝
չ㣓⡤ך㔐鯄גְאחպ����


IUUQ���TQBDFJOGP�KBYB�KQ

ַזⰅֽ」ת֮
㹋כ㸹侄涸椚歋״䞨僤⡘縧ך✮庠礵䏝ך
㉏겗ָ㣐ַֹ�
䎃ワ鋔䊴ך㉏겗

XJLJQFEJB



ٖؖٔؔ٥ٖؖٔ؎
ⴱג劄黅ꖎ⢪ג㣓⡤錁庠�
ꆃ僤ך弫妀ֽ�
加僤ך遹僤�
ٖؖٔؔ鄩ⴻ�
䔲儗ך佟屚朐屣ٖؖٔؔך➂ꟼ⤘翯剅鍑ꅸ埄ך㉏겗ז
鄩ⴻկְזⴓַֻ״ך穠卓朐屣ָ窃ז醱꧟וזו
չ猰㷕㼎㸹侄պְֲה⽃秪ְ׃ְזכדךזկ

+VTUVT�4VTUFSNBOT

	���������




㣓⹛铡ַ㖑⹛铡פ
ׅ⳿鋅岀ך٦ָ䞨僤麊⹛ٓف؛ֹב㛇ח錁庠ך٦ؒٓـ؝ث

䞨僤כ㣕ꤿ搊挿ׅהאהמך嘴ⰼ鮨麣䲽ֻ�
䞨僤ה㣕ꤿה穠ע简ⴓָ⽃⡘儗ח䲽ֻ琎כ♧㹀�
䞨僤ךⰕ鯄ワ劍ך⛦כ鮨麣ꞿ⼱䖇ך⛦ח嫰⢽

岀涪鋅ך⸃剣䒷♰״חٝز٦ُص



㸘㸾锷
㸘㸾ְַָגזחֲ״ךו㸘㸾חֲ״ךוכⶼ䧭ׁ涪㾜ַֹג׃�
㣓俑㷕	"TUSPOPNZ
㣓⡤暟椚㷕	"TUSPQIZTJDT
㸘㸾锷	$PTNPMPHZ
稆磛㶨锷涸
㸘㸾锷	1BSUJDMF�DPTNPMPHZ�"TUSPQBSUJDMF�QIZTJDT
�
暟椚㷕ך长岀䘔欽ג׃㸘㸾椚鍑הֲ״׃鑐�
չ㸘㸾锷ך㛇燉岀պָ֮鏬ְזכדկ筨さ蔓遭涸ⴓꅿկ�
㸘㸾ך灇瑔ַ暟椚㷕ך㛇燉椚锷ךؙحغس٦؍ؿךפ〳腉䚍�
�⸃岀̔♰剣䒷ך٦ٓف؛
僤ⰻ鿇ך⯋稆さ䧭̔؋ؿٕ،ٕفٔز䘔ֽח��$Ⱏ뒊



㸘㸾ך娖〷嚊錁

鑫稢ַֿכג٦ַֽةأًإ㷕ׅתןկ

㸘㸾ך钰欰�
㸘㸾ך兦ָ♳�
㸘㸾ךⱄꨵꨄ�
僤הꋒ屎ך䕎䧭�
㣕ꤿה㣕ꤿ禸ך䕎䧭�




㸘㸾ך穈䧭

68%
5%

27%

农랲ؒ٦ؘٕط

农랲暟颵


㶨⾱	ٝؔٔغ



湡垥ך䱇噟ךֿ
�椚鍑ׅ㛇燉ך㸘㸾锷ٝغؚحؽ
㸘㸾ך攦〷涸椚鍑הꅾ銲؎ךزٝك椚鍑㸘㸾ך兦ָ♳ⱄꨵꨄ瘝�
�⡦ַכ錁庠涸呎䬿佄ִ㸘㸾锷ٝغؚحؽ
花䓸㸘㸾ٝوخٕنֶֽח倯玎䒭䪔ִזחֲ״�
Ⱗ⡤湡垥农랲暟颵ך婍㶷ꆀ鎘皾זחֲ״ֹד�
垥彊㸘㸾锷ֶֽח㉏겗挿ך侭椚�
չ㸘㸾ך钰欰ה鹌⻉պכ猰㷕涸ַ罋ִג妜ְ׃



花䓸㸘㸾ך錁庠
岀ךٕـحع
黅倯ꋒ屎וק䖓鷌鸞䏝ָ㣐ְֹ�
ְז״ח倯ぢךꋒ屎ְג׃錁庠כ䚍颵ךֿ
ASTRONOMY: E. HUBBLE

corrected for solar motion. The result, 745 km./sec. for a distance of
1.4 X 106 parsecs, falls between the two previous solutions and indicates
a value for K of 530 as against the proposed value, 500 km./sec.

Secondly, the scatter of the individual nebulae can be examined by
assuming the relation between distances and velocities as previously
determined. Distances can then be calculated from the velocities cor-
rected for solar motion, and absolute magnitudes can be derived from the
apparent magnitudes. The results are given in table 2 and may be
compared with the distribution of absolute magnitudes among the nebulae
in table 1, whose distances are derived from other criteria. N. G. C. 404
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FIGURE 1
Velocity-Distance Relation among Extra-Galactic Nebulae.

Radial velocities, corrected for solar motion, are plotted against
distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

can be excluded, since the observed velocity is so small that the peculiar
motion must be large in comparison with the distance effect. The object
is not necessarily an exception, however, since a distance can be assigned
for which the peculiar motion and the absolute magnitude are both within
the range previously determined. The two mean magnitudes, - 15.3
and - 15.5, the ranges, 4.9 and 5.0 mag., and the frequency distributions
are closely similar for these two entirely independent sets of data; and
even the slight difference in mean magnitudes can be attributed to the
selected, very bright, nebulae in the Virgo Cluster. This entirely unforced
agreement supports the validity of the velocity-distance relation in a very
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FIG. 4.ÈTop : Hubble diagram of distance vs. velocity for secondary
distance indicators calibrated by Cepheids. Velocities in this plot are cor-
rected for the nearby Ñow model of Mould et al. (2000a). Squares : Type Ia
supernovae ; Ðlled circles : Tully-Fisher clusters (I-band observations) ; tri-
angles : fundamental plane clusters ; diamonds : surface brightness Ñuctua-
tion galaxies ; open squares : Type II supernovae. A slope of isH0 \ 72
shown, Ñanked by ^10% lines. Beyond 5000 km s~1 (vertical line), both
numerical simulations and observations suggest that the e†ects of peculiar
motions are small. The Type Ia supernovae extend to about 30,000 km s~1,
and the Tully-Fisher and fundamental plane clusters extend to velocities of
about 9000 and 15,000 km s~1, respectively. However, the current limit for
surface brightness Ñuctuations is about 5000 km s~1. Bottom : Value of H0as a function of distance.

^ 7 km s~1 Mpc~1. The random uncertainty is deÐned at
the ^34% points of the cumulative distribution. The sys-
tematic uncertainty is discussed below. For our Bayesian
analysis, we assume that the priors on and on the prob-H0ability of any single measurement being correct are uniform
and compute the project of the probability distributions. In
this case, we Ðnd km s~1 Mpc~1. TheH0 \ 72 ^ 2 ^ 7
formal uncertainty on this result is very small, and simply
reÑects the fact that four of the values are clustered very
closely, while the uncertainties in the FP method are large.
Adjusting for the di†erences in calibration, these results are
also in excellent agreement with the weighting based on
numerical simulations of the errors by Mould et al. (2000a),
which yielded 71 ^ 6 km s~1 Mpc~1, similar to an earlier
frequentist and Bayesian analysis of Key Project data
(Madore et al. 1999) giving km s~1H0 \ 72 ^ 5 ^ 7
Mpc~1, based on a smaller subset of available Cepheid
calibrators.

As is evident from Figure 3, the value of based on theH0fundamental plane is an outlier. However, both the random
and systematic errors for this method are larger than for the
other methods, and hence the contribution to the combined
value of is relatively low, whether the results areH0weighted by the random or systematic errors. We recall also
from Table 1 and ° 6 that the calibration of the fundamental
plane currently rests on the distances to only three clusters.
If we weight the fundamental-plane results factoring in the
small number of calibrators and the observed variance of
this method, then the fundamental plane has a weight that

ranges from 5 to 8 times smaller than any of the other four
methods, and results in a combined, metallicity-corrected
value for of 71 ^ 4 (random) km s~1 Mpc~1.H0Figure 4 displays the results graphically in a composite
Hubble diagram of velocity versus distance for Type Ia
supernovae ( Ðlled squares), the Tully-Fisher relation ( Ðlled
circles), surface-brightness Ñuctuations ( Ðlled diamonds), the
fundamental plane ( Ðlled triangles), and Type II supernovae
(open squares). In the bottom panel, the values of areH0shown as a function of distance. The Cepheid distances have
been corrected for metallicity, as given in Table 4. The
Hubble line plotted in this Ðgure has a slope of 72 km s~1
Mpc~1, and the adopted distance to the LMC is taken to be
50 kpc.

8. OVERALL SYSTEMATIC UNCERTAINTIES

There are a number of systematic uncertainties that a†ect
the determination of for all the relative distance indica-H0tors discussed in the previous sections. These errors di†er
from the statistical and systematic errors associated with
each of the individual secondary methods, and they cannot
be reduced by simply combining the results from di†erent
methods. SigniÐcant sources of overall systematic error
include the uncertainty in the zero point of the Cepheid PL
relation, the e†ect of reddening and metallicity on the
observed PL relations, the e†ects of incompleteness bias
and crowding on the Cepheid distances, and velocity per-
turbations about the Hubble Ñow on scales comparable to,
or larger than, the volumes being sampled. Since the overall
accuracy in the determination of is constrained by theseH0factors, we discuss each one of these e†ects in turn below.
For readers who may wish to skip the details of this part of
the discussion, we refer them directly to ° 8.7 for a summary.

8.1. Zero Point of the PL Relation
It has become standard for extragalactic Cepheid dis-

tance determinations to use the slopes of the LMC period-
luminosity relations as Ðducial, with the zero point of the
Cepheid period-luminosity relation tied to the LMC at an
adopted distance modulus of 18.50 mag (e.g., Freedman
1988). However, over the past decade, even with more accu-
rate and sensitive detectors, with many new methods for
measuring distances, and with many individuals involved in
this e†ort, the full range of the most of distance moduli to
the LMC remains at approximately 18.1È18.7 mag (e.g.,
Westerlund 1997 ; Walker 1999 ; Freedman 2000a ; Gibson
2000), corresponding to a range of 42È55 kpc.

For the purposes of the present discussion, we can
compare our adopted LMC zero point with other published
values. We show in Figure 5 published LMC distance
moduli expressed as probability density distributions, pri-
marily for the period 1998È1999, as compiled by Gibson
(2000). Only the single most recent revision from a given
author and method is plotted. Each determination is rep-
resented by a Gaussian of unit area, with dispersions given
by the published errors. To facilitate viewing the individual
distributions (Fig. 5, light dotted lines), these have been
scaled up by a factor of 3. The thicker solid line shows the
cumulative distribution.

It is clear from the wide range of moduli compared to the
quoted internal errors in Figure 5 that systematic errors
a†ecting individual methods are still dominating the deter-
minations of LMC distances. Some of the values at either
end of the distribution have error bars that do not overlap
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G = 6.67430 × 10−11N ⋅ m2/kg2

c = 299792458 m/s

h = 6.62607015 × 10−34 J ⋅ s

1.380649 × 10−23 J/K
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G = 6.67430 × 10−11N ⋅ m2/kg2

c = 299792458 m/s
ℏ = h

2π
= 1.05457 × 10−34 J ⋅ s

kB = 1.380649 × 10−23 J/K

G = c = ℏ = kB = 1
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tP = Gℏ
c5 ≃ 5.39 × 10−44 s

ℓP = Gℏ
c3 ≃ 1.62 × 10−35 m

MP = cℏ
G

≃ 2.18 × 10−8 kg

TP = ℏc5

Gk2
B

≃ 1.42 × 1032 K
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t′� t′� = t
ℏ t′�

1 eV = 1.602176634 × 10−19 J 1 J ≃ 6.242 × 1018 eV
t′�P ≃ 5.39 × 10−44 s/ℏ = 3.19 GeV−1

ℓ′�P = ℓP/(ℏc) ≃ 1.62 × 10−35 m/(ℏc) = 3.19 GeV−1
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ℏ = h

2π
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kB = 1.380649 × 10−23 J/K
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