
21 ~ u g u s t  1981, Volume 213, Number 4510 SCIENCE 

Size and Age of the Universe 
Sidney van den Bergh 

Three lines of evidence suggest that 
the universe originated as a gigantic ex- 
ploding fireball: 

1) The discovery (I)  that distant gal- 
axies are all receding from us with veloc- 
ities that are proportional to their dis- 
tances. 

2) The detection of the 3 K microwave 
background by Penzias and Wilson (2), 

Methods for Determining the 

Age of the Universe 

Three quite independent types of evi- 
dence are used to estimate the age of the 
universe: (i) nuclear chronology (7-9), 
(ii) the ages of the oldest stars, and (iii) 
measurements related to the expansion 
of the universe. 

Summary. The age of the universe based on abundances of isotopes is in the range 
10 billion to 15 billion years. This is consistent with the age range 12 billion to 20 billion 
years calculated from the evolution of the oldest galactic stars. A third estimate of the 
age of the universe is based on the Hubble relation between the velocities of galaxies 
and their distances from us, where the inverse of the Hubble parameter H is a 
measure of the age of a uniformly expanding universe. Evidence that has been 
accumulating over the past few years indicates that the expansion of the universe 
may exhibit a rather large local perturbation due to the gravitational attraction of the 
Virgo supercluster. Different types of observations still produce conflicting evidence 
about the velocity with which the Local Group of galaxies (of which our Milky Way 
system is a member) is falling into the Virgo cluster. The results to date indicate that 
this velocity lies somewhere in the range 0 to 500 kilometers per second. The 
resulting ambiguity in the flow pattern for relatively nearby galaxies makes values of H 
derived from galaxies with radial velocities less than 2000 kilometers per second 
particularly uncertain, and this restricts determinations of H to distant galaxies, for 
which distances are particularly uncertain. The best that can be said at present is that 
H-' yields a maximum time scale in the range 10 billion to 20 billion years. 

which represents the redshifted radiation 
of the primeval fireball that was first 
predicted by Gamow (3). 

3) The observed abundances of 'H, 
3He, 4He, and 7Li, which are in good 
agreement (4) with the hypothesis that 
these nuclei were formed from hydrogen 
in a hot "big bang." 

Excellent accounts of early work on 
the expansion of the universe and the 
blackbody background radiation are giv- 
en in Hubble (5) and Penzias (6), respec- 
tively. 
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Nuclear chronology. Intercomparison 
of the theoretical production rates and 
observed abundance ratios of 2 4 4 P ~ ,  
238U, 235U, 2 3 2 ~ h ,  l g 7 ~ e ,  and Ia70s yield 
estimates for the mean time interval be- 
tween the creation of these elements and 
the formation of the solar system. The 
main uncertainty results from the fact 
that the relation between this mean time 
interval and the time when heavy-ele- 
ment formation started depends on the 
history of star formation or, more pre- 
cisely, on the rate at which supernovae 

produced elements by the r process (rap- 
id neutron capture) (10). For star forma- 
tion in an initial burst this mean time 
interval will, for example, be twice as 
long as for formation at a uniform rate. 

The best fit to the currently available 
data (11) is given by a model in which r-  
process elements started forming 
6.1 t 2.3 gigayears (1 Gyr = 10' years) 
before the origin of the solar system at a 
rate that decayed exponentially with a 
time scale T, = 5.4?36:42 Gyr. Since the 
age of the solar system is now well 
established at 4.6 Gyr, it follows that 
galactic star formation started 10.7 * 2.3 
Gyr ago. Allowing some additional time 
for the collapse of our Galaxy and the 
formation and evolution of the first stars 
then yields Au - 12:: Gyr for the age of 
the universe. 

Ages of the oldest stars. Globular clus- 
ter stars are among the oldest individual 
objects known in the Galaxy. From the 
evolutionary tracks of stars in metal- 
poor globular clusters, Iben (12) obtains 
ages in the range 12.2 to 19.5 Gyr, the 
exact value depending on the adopted 
helium abundance Y and heavy-element 
abundance Z. By fitting calculated evo- 
lutionary tracks of metal-poor stars to 
the observed color-magnitude diagrams 
of clusters, Demarque (13) finds ages of 
14 to 16 Gyr for the oldest metal-poor 
globulars and - 10 Gyr for relatively 
metal-rich clusters. This large age differ- 
ence is quite unexpected, since canoni- 
cal models (14) predict that the galactic 
halo will collapse on a gravitational time 
scale, that is, in 6 1 Gyr. In any event, it 
is reassuring that the age range 10 to 16 
Gyr obtained by Demarque brackets the 
age that Fowler (11) and Schramm (15) 
obtain from cosmochronology . 

Expansion of the universe. By 1917, 
radial velocities had become available 
for 15 galaxies. Wirtz (16) first drew 
attention to the fact that the majority of 
these objects-12 of the 15-were reced- 
ing from the sun. In analogy with studies 
in stellar dynamics, he introduced a K 
(expansion) term amounting to +656 
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Table 1. Measurements of the dipole component of anisotropy of the microwave background 

Source 

Right Decli- 
ascension, nation 

(Y 6 
(hours) (deg) 

Princeton group (19) 3.78 t 0.3 
Berkeley group (20) 3.6 t 0.5 
Weighted mean 3.73 t 0.26 

kilometers per second to describe the 
observed motions of the galaxies. Large- 
ly through the efforts of V. M. Slipher, 
the observational material had grown to 
a total of 44 radial velocities by 1925. 
Lundmark (17) attempted to fit these 
data by an equation of the form 

in which D is the distance of the galaxy. 
These distances were derived by Lund- 
mark on the assumption that all galaxies 
have equal diameters. Finally, Hubble 
(I) was able to show that the first and last 
terms in Eq. 1 are unnecessary and that 
the data are well represented by the 
relation 

V(km sec-') = HD (megaparsec) (2) 

which is now often referred to as the 
Hubble law. In this equation H has the 
"dimension" (time)-'; that is, a determi- 
nation of the numerical value of the 
Hubble parameter H yields the time 
scale on which the universe has been 
expanding. In a uniformly expanding 
universe with, for example, H = 100 km 
sec-' M ~ C - ' ,  AU = 10 Gyr; for H = 50 
km sec-' M ~ C - ' ,  AU = 20 Gyr. In the 
real universe, which contains a signifi- 
cant amount of matter, the expansion is 
decelerated by gravitation. Hence H-' 
yields only an upper limit to the age of 
the universe. 

Unfortunately, the quest for the nu- 
merical value of H has proved to be both 
long and very difficult. The reason for 
this is, of course, that galaxies are ex- 

@ Virgo cluster 
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Fig. 1. Plot of infrared absolute magnitudes M H  derived from mean cluster redshifts versus 
log AV. The plot shows that Virgo galaxies of a given AV appear fainter than do those in more 
distant clusters. 

ceedingly distant, so that "standard can- 
dles" are dim and "standard yardsticks" 
have very small angular diameters. A 
final difficulty is that the "Hubble flow" 
may not be uniform and isotropic; that 
is, H itself may be a function of position. 
A particular danger is that small-scale 
nonuniformities in the Hubble flow 
might result in differences between the 
local and global values of H. This is a 
particularly disturbing possibility be- 
cause the numerical value of the Hubble 
parameter is most easily determined 
from radial velocities and distances of 
galaxies that are relatively nearby (closer 
than the Virgo cluster). 

Isotropy of the Hubble Flow 

Measurements of the cosmic back- 
ground radiation in opposite directions in 
space yield slightly different results due 
to the absolute motion of the sun in 
space; Peebles (18) refers to this motion 
as the "new aether drift." For small 
velocities, v, this motion results in a 
dipole anisotropy of the background mi- 
crowave radiation of the form 

T(8) = To [l  + (vic) cos 81 (3) 

in which To - 2.7 K, 8 is the angular 
distance from the apex of motion, and c 
is the velocity of light. Independent ob- 
servations of the size and direction of 
this anisotropy are compared in Table 1. 
The Princeton data in Table 1 are balloon 
observations by Boughn et al.  (19), and 
the Berkeley results are based on U2 
aircraft measurements by Gorenstein 
and Smoot (20). The agreement between 
the results of these two groups is gratify- 
ing and greatly strengthens confidence in 
the reality of the observed effect. The 
very small formal mean error of the solar 
apex of motion derived from the data in 
Table 1 is, however, almost certainly an 
underestimate of its true value. 

From Eq. 3, the mean anistropy given 
in Table 1 corresponds to a velocity of 
414 km sec-' toward a point located only 
- 16" away from the center of the Vir- 
go cluster (21), which is situated at a 
= 12.42 2 0.04 hours, 6 = 12.7" i 0.4" 
(epoch 1950). Determination of this infall 
velocity is important because it helps us 
to map localized deviations from the 
smooth Hubble flow assumed in Eq. 2. 
Mapping of such deviations will eventu- 
ally allow us to relate radial velocities 
and distances of nearby galaxies. Unfor- 
tunately, the near coincidence between 
the apparent direction of infall and the 
direction toward the Virgo cluster be- 
comes somewhat less impressive when 
the infall velocity is corrected for motion 
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of the sun relative to the Local Group of 
galaxies, of which the Milky Way system 
is a member. (This correction includes 
both the motion of the sun relative to the 
center of the Galaxy and the motion of 
the Galaxy itself with respect to other 
galaxies within 1.5 Mpc, to which it is 
presumed to be gravitationally bound.) 
Adopting a solar motion (22) of 308 km 
sec-' toward a = 22.85 hours, 6 = 

+51.4" yields an absolute motion for the 
Local Group of 659 km sec-' toward 
a = 11.25 hours, 6 = -23.7". This apex 
of motion is located at a distance of 
- 40" from the center of the Virgo clus- 
ter. This result shows that the velocity of 
the Local Group toward the center of the 
Virgo cluster is comparable to its veloci- 
ty perpendicular to the direction toward 
Virgo. It greatly weakens the argument 
(23) that the component of Local Group 
motion toward the Virgo cluster is en- 
tirely due to gravitationally induced in- 
fall. This point is discussed in more 
detail by Matzner (24), who proposes 
that at least part of the observed micro- 
wave anisotropy may be due to a global 
feature of the background radiation that 
extends approximately to the current 
event horizon. This suggests that valu- 
able cosmological information could be 
obtained by comparing the microwave 
anisotropy with that of x-rays, which 
must have originated at a more recent 
epoch. 

In principle, through observations of 
many galaxies with radial velocities less 
than 10,000 km sec-', it should be possi- 
ble to distinguish between infall of the 
Local Group into the Virgo cluster and 
translation of the entire Virgo superclus- 
ter (including the Local Group and the 
Virgo cluster) relative to a distant back- 
ground. Unfortunately, the available 
data do not yet allow an unambiguous 
choice between these two alternatives. 
At present the most promising technique 
for studying this problem is one devel- 
oped a few years ago by Tully and Fisher 
(25), who showed that the 21-centimeter 
line width A V  (26) is closely correlated 
with galaxy luminosity. More recently 
Aaronson et al. (27) argued that infrared 
MH (28) magnitudes measured at a wave- 
length of 1.6 micrometers might corre- 
late even more closely with A V  than the 
photographic magnitudes M,, used by 
Tully and Fisher. This is because (i) the 
uncertain inclination- and type-depen- 
dent absorption corrections are much 
smaller in the infrared than in the blue, 
(ii) infrared magnitudes are more closely 
tied to old red stars, which are presum- 
ably distributed like the steller mass that 
governs the (inner) rotation of a galaxy, 
and (iii) infrared magnitudes are less 
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Fig. 2. Infrared surface brightness Z versus M H  derived from mean cluster redshifts. At a given 
(distance-independent) surface brightness, Virgo galaxies appear fainter than do those in more 
distant galaxies. 

sensitive to occasional bursts of star 
formation than are blue magnitudes. 

Figure 1 shows a plot of the absolute 
infrared magnitude M H  versus line width 
A V  for galaxies in the Virgo cluster (29) 
and for four other clusters (30) with 
redshifts that are three to five times 
greater than that of Virgo. The values of 
MH were obtained from the mean cluster 
velocities, assuming the Hubble relation 
(Eq. 2) and H = 100 km sec-' Mpc-'. 
Figure 1 shows that the Virgo galaxies 
are systematically fainter at a given val- 
ue of A V  than are the more distant clus- 
ter galaxies. This result can be interpret- 
ed in one of two ways: (i) at a given 
luminosity Virgo galaxies rotate faster 
(are more compact) than those in more 
distant clusters, or (ii) the distance of the 
Virgo cluster has been underestimated 
by Eq. 2 because the Hubble flow is 
anisotropic. Some support for the first 
alternative is possibly provided by the 
observation (31, 32) that elliptical galax- 
ies in dense regions are significantly 
more compact than those in less dense 
regions. The fact that the dense Virgo 
cluster and the low-density Ursa Major 
group appear to exhibit the same MH 
versus A V  relation, however, militates 
against this suggestion. Aaronson et al. 
(30) adopt the second alternative and 
find that the apparent difference between 
the MH versus A V  relations can be ac- 
counted for by assuming that the Local 

Group has a component of motion of 
480 + 75 km sec-' toward the Virgo 
cluster. This value is in excellent agree- 
ment with the result obtained from the 
anisotropy of the microwave background 
but conflicts with that derived from the 
observations of absolute magnitude ver- 
sus 21-cm line width discussed by de 
Vaucouleurs and co-workers (33, 34). 
Figure 2 shows a plot of M H  against the 
surface brightness I: of galaxies, defined 
as 

Z = H - 5 l o g a  (4) 

in which a (35) is the major axis diameter 
of the galaxy, corrected for absorption 
and inclination, and H is the apparent 
infrared galaxy magnitude. Figure 2 
shows that Virgo galaxies appear to be 
less luminous than more distant galaxies 
with the same 2 .  This effect is in the 
same sense as that shown in Fig. 1 and 
indicates that the velocity width AV, 
which involves an often uncertain incli- 
nation correction, is not responsible for 
the apparent difference between Virgo 
and background cluster galaxies in Fig. 
1. Figure 3 shows that the I: versus A V  
relationship does not differ significantly 
between the Virgo cluster and the more 
distant clusters observed by Aaronson et 
al. (30). 

Recent determinations of the infall ve- 
locity of the Local Group toward the 
Virgo cluster, after correction for the 
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Table 2. Recent determinations of the infall velocity toward the Virgo cluster after correction 
for solar motion. 

Source Method 
Infall 

velocity 
(km sec-') 

Sandage and Tammann (51) 

Kormendy (52)* 

Tammann et a/.  (53) 
Aaronson et al. (30) 

De Vaucouleurs and Peters 
(34) t 

De Vaucouleurs et al. (33)j: 
Tonry and Davis (54) 

Schechter (55) 

This articles 
This article11 

Luminosity classifications and H I1 
region diameters of spirals 

Surface brightness versus scale size 
of elliptical galaxies 

Luminosity classifications of spirals 
Fisher-Tully relation for spirals in 

infrared 
Motion of spirals with optically 

determined distances 
Fisher-Tully relation for spirals in blue 
Absolute magnitude versus velocity 

dispersion relation: 
Ellipticals 
SO galaxies 

Absolute magnitude versus velocity 
dispersion in ellipticals 

Type I supernovae 
Microwave background 

-- 

*Kormendy (56) now believes that his sample of background galaxies may have been contaminated by 
members of the Virgo supercluster. tMotion toward a point located 25" northeast of the Virgo 
cluster. $Motion toward a point located 18" northeast of the Virgo cluster. §Assuming no incomplete- 
ness for distant supernovae. //Directed toward a point located 40" southwest of the Virgo cluster. 

velocity of the sun relative to distant the range from slightly more than 0 km 
objects, are given in Table 2. The first sec-' up to 500 km sec-l. The most 
three entries in this table should, per- recent determinations of the infall veloci- 
haps, be regarded as having only histori- ty possible favor values that are approxi- 
cal significance. The agreement between mately half of the aether drift velocity 
individual observations is, unfortunate- derived from the microwave back- 
ly, still poor. Resolving these discrepan- ground. The difference between the 
cies is one of the highest present prior- aether drift velocity and the infall veloci- 
ities of extragalactic astronomy. ty toward the Virgo cluster might be due 

In summary, it appears that the Local to a very local velocity perturbation or a 
Group is falling into the Virgo cluster motion of the entire Virgo supercluster, 
with a velocity that might lie anywhere in or both. As a result of these uncertain- 

- a Vkgo cluster 

0 Distant clusters 
+ Nearby galaxies 

2.4 2.6 
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Fig. 3. Plot of infrared surface brightness I of galaxies versus corrected hydrogen line width 
log AV. Within the accuracy of the present data, the Z versus log AVrelationship is the same for 
the Virgo cluster, for galaxies in more distant clusters, and for nearby galaxies observed by 
Aaronson et al. (27). 

ties, the relationship between the local 
and global values of the Hubble parame- 
ter remains uncertain at the - 30 percent 
level. 

Determination of the Hubble Parameter 

In view of the huge uncertainties intro- 
duced by the possible anisotropy of the 
Hubble flow within the Virgo superclus- 
ter, it seems prudent to restrict determi- 
nations of the Hubble parameter H to 
regions with redshifts >> 1000 km 
sec-l. At such large distances it is, un- 
fortunately, no longer possible to use 
precision distance indicators such as Ce- 
pheids and novae. This leaves us with 
only supernovae and the integral proper- 
ties of galaxies as potential distance cali- 
brators. 

Tully-Fisher effect. In their original 
paper Tully and Fisher compared the 
hydrogen line widths with blue galaxy 
magnitudes, which might be strongly af- 
fected by bursts of star formation and by 
uncertain corrections for absorption. 
Such problems are greatly reduced if, 
following Aaronson et al.  (27),  infrared 
rather than blue magnitudes are used. 
The data by Aaronson et a / .  (30) for four 
distant clusters with redshifts in the 
range 4000 < V < 5900 km sec-' yield 
the relation 

- 21.9 - MH - 5 log (H1100) = 

(10.5 * 0.7) (log AV - 2.57) (5) 

if measurements of AV are assumed to be 
error-free. Substitution of the known 
values of MH and AV for M3 1, M33, and 
the Galaxy into Eq. 5 yields determina- 
tions of the global Hubble parameter. In 
view of the uncertainty in the distance of 
the M81 group (36) it seems prudent not 
to attempt to calibrate H with galaxies 
located outside the Local Group. 

1) M31 (Andromeda): Using the old 
Hyades distance modulus (373, the dis- 
tance to the Andromeda nebula is 630 
kiloparsecs. Recent work by McClure 
(38) suggests that this Hyades distance 
needs to be increased by - 25 percent. 
Van den Bergh (39) shows that only 
about half of this increase will be reflect- 
ed in the extragalactic distance scale 
because some distance indicators (no- 
vae, RR Lyrae stars) do not depend on 
the Hyades distance. We shall therefore 
adopt a distance of - 705 kpc. At this 
distance the apparent infrared magnitude 
of M31 measured by Aaronson et al .  (27) 
corresponds to M H  = -23.3 for M31. 
Substituting this value and AV = 552 km 
sec-' into Eq. 5 yields H = 83 km sec-' 
M ~ C - ' .  
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From a comparison of M3 1 ,  whi :h is 
of Hubble type Sb and luminosity class 
1-11, with distant SbI and SbII galaxies 
with known redshifts, Stenning and 
Hartwick (40) find H = 75 * 15 km 
sec-' M ~ C - ' ,  which transforms to 
H = 69 k 14 km sec-' Mpc-' for the 
M31 distance scale used in this article. 

2) M33: Following the procedures out- 
lined above, the distance to M33 be- 
comes - 715 kpc. With an apparent in- 
frared magnitude determined by Aaron- 
son et a l .  (27) this yields MH = -19.9. 
Substituting this value and AV = 253 km 
sec-I yields a Hubble parameter H = 89 
km sec-I Mpc-I. 

3) The Galaxy: De Vaucouleurs and 
Pence (41) estimated that the Galaxy has 
an absolute blue magnitude M ~ O  (B) = 

-20.1. From the data given by Aaronson 
et al .  (30), it is found that galaxies of type 
SbcII have a blue minus infrared color 
index B - H - 2.5 ? 0 . 3 ,  so that MH 
(Galaxy) - -22.6 * 0.3.  Unfortunate- 
ly, the galactic rotational velocity near 
the sun Vo = 0 .5  AV is not well known. 
Table 3 shows that the Hubble constant 
that is derived from Eq. 5 and the value 
of MH obtained above depends critically 
on the assumed value of Vo. If a galactic 
rotational velocity of 220 km sec-' (42) is 
adopted, the Galaxy is moving (relative 
to the Local Group as a whole) toward 
galactic longitude e - 145" and latitude 
b - -20" with a velocity of - 115 km 
sec-I. This direction is close to that of 
M31 (e  = 121°, b = -22"); that is, the 
Galaxy may be falling toward the An- 
dromeda nebula (43). 

Comparison of Virgo and Coma Clusters 

The Coma cluster (44) has a redshift 
(Vo) = 6947 * 123 km sec-' and Virgo 
has a redshift (Vo) = 1057 * 52 km 
sec-' (45). For a pure Hubble flow these 
values correspond to a distance ratio of 
6.6 * 0.3 and hence a difference in dis- 
tance modulus A = 4.1.  For an infall 
velocity of 500 km sec-I toward Virgo 
this distance ratio reduces to 4.8 and 
hence A = 3.4. The latter value agrees 
well with the value A = 3.5 k 0.2 which 
Aaronson et al .  (46) obtained by inter- 
comparison of the luminosity versus ul- 
traviolet minus yellow color relations for 
early-type galaxies in Virgo and Coma. 
Confidence in this result is, however, 
reduced by the observation that the lumi- 
nosity versus ultraviolet minus infrared 
and luminosity versus yellow minus in- 
frared color relations yield A = 3.0 * 0 .2  
and A = 2.6 * 0 . 3 ,  respectively. These 
results show that early-type galaxies in 
Coma must have intrinsically different 

Table 3. Dependence of Hubble parameter on 
rotational velocity of the Galaxy. 

vo H 
(km sec-I) (km sec-' Mpc-I) 

Table 4. Absolute magnitudes of type I super- 
novae at maximum light. 

Sample (Mdmax))* NI 
Virgo cluster -17.93 * 0.23 9 
Field (V  < 1600 

km sec-I) -17.72 2 0.18 17 
Coma cluster -18.42 F 0.11 5 
Field (V  > 1600 

km sec-I) -18.60 2 0.12 16 

*From Branch and Bettis (50) fpr H = 100 km secC1 
Mpc-I. tNumber of observations. 

colors from those in Virgo. In particular, 
Aarsonson et a l .  (46) suggest that Virgo 
galaxies of a given luminosity might be 
brighter in the infrared than those in 
Coma because they contain either stars 
that are more metal-rich or very red 
giants of intermediate age. 

From a comparison of the luminosity 
versus ultraviolet minus blue (U  - B)  
color relations of early-type galaxies in 
Virgo and Coma, Sandage (47) obtains 
A = 3.66 k 0.14,  which is consistent 
with the value obtained by Aaronson et 
al. (46). Confidence in the universality of 
the luminosity versus U - B color rela- 
tion for early-type galaxies is, however, 
shaken by the fact that its application 
(after calibration in the Local Group) to 
Coma yields H = 170 km sec-' Mpc-I. 
This result shows that color-absolute 
magnitude relationships for early-type 
galaxies are not universal. Values of the 
distance scale derived from them are 
therefore suspect. 

Another possible approach is to com- 
pare NGC 4472, the brightest galaxy in 
Virgo, with the first ranked galaxies in 
distant clusters. Such a comparison has 
been carried out by Aaronson and Mould 
(48). These authors find that NGC 4472 
lies within the magnitude range of distant 
giant ellipticals if the infall velocity of the 
Local Group is less than 300 km sec-I. 
For an infall velocity of 500 km sec-I 
NGC 4472 lies - 2 standard deviations 
above the ridge line of the Hubble dia- 
gram defined by the brightest cluster 
galaxies. It is concluded that application 
of the first brightest cluster galaxy meth- 
od favors a low value of the infall veloci- 
ty but does not entirely exclude a value 
as large as 500 km sec-I. 

Supernovae. Because of their high lu- 
minosities, supernovae would, at first 

sight, appear to be ideal calibrators of 
the extragalactic distance scale. In prac- 
tice, they are of only limited usefulness 
because no good local calibrators are 
available. The supernovae of 1054 (Crab) 
and 1885 (M31) have relatively well-de- 
termined maximum luminosities, but 
their type assignments are uncertain. For 
the well-established type I supernovae of 
1006 (Lupus), 1572 (Tycho), and 1604 
(Kepler) the maximum luminosities are 
uncertain because of uncertain distances 
or because their magnitudes at maximum 
light are not well established. Finally, 
the type I1 supernova of 1667 (Cassiope- 
ia A) was not observed at maximum and 
was, in any case, probably atypical. 

Perhaps the most straightforward 
method for determining the absolute 
magnitudes of supernovae is provided by 
the assumption that the shells of expand- 
ing supernovae may, during the first few 
weeks of their expansion, be modeled as 
expanding spherical blackbodies. From 
this assumption and color and radial ve- 
locity observations of supernovae of 
type I, Branch (49) obtains (MB(max)) = 

-20.25 k 0.3 1 ,  in which MB(max) is the 
maximum absolute magnitude in blue 
light. It should, however, be emphasized 
that the model adopted by Branch is 
probably oversimplified. Concepts such 
as position of the photosphere may not 
be as straightforward as they appear at 
first sight. Unfortunately, all supernovae 
for which detailed color and radial veloc- 
ity information is presently available are 
nearby objects that lie within the local 
velocity anisotropy. They do not, there- 
fore, provide independent information 
on the global value of the Hubble param- 
eter. 

Data on the observed magnitudes of 
type I supernovae, taken from a compila- 
tion of Branch and Bettis (50), are listed 
in Table 4 .  The table shows what appears 
to be a significant difference in 
(MB(max)) for nearby Virgo and field 
galaxies with radial velocities V < 1600 
km sec-I and distant galaxies in the 
Coma cluster and in the field with 
V > 1600 km sec-I. This difference 
could be due to either (i) greater incom- 
pleteness of the Coma and distant field 
sample at faint magnitudes or (ii) infall of 
the Local Group toward Virgo with a 
velocity of - 260 * 145 km sec-I. 

For distant field galaxies Table 4 
shows that 

(MB(max)) - 5 log (H1100) = 

-18.60 * 0.12 (6 )  

Substituting (MB(max)) = -20.25 (41) 
into Eq.  6 yields H = 47 k 7 km sec-' 
Mpc-I. 
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A number of different studies have 
been made of the Hubble flow in nearby 
regions of space. These investigations 
yield conflicting results, which indicate 
that the velocity with which the Local 
Group is falling into the Virgo cluster 
may lie anywhere in the range 0 to 500 
km sec-'. 

Reconciling these discrepant results 
on the local anisotropy of the Hubble 
flow is one of the most urgent problems 
facing contemporary extragalactic as- 
tronomy. Until the local flow pattern is 
better understood, determinations of the 
Hubble parameter H will have to be 
derived from exceedingly difficult stud- 
ies of distant galaxies with redshifts 
9 1000 km sec-'. Presently available 
data indicated that 50 < H < 100 km 
sec-' M ~ C - ' .  The corresponding expan- 
sion time scale for the universe lies in the 
range 10 to 20 Gyr. This range brackets 
ages derived from nuclear chronology 
and age estimates for the oldest known 
stars. More accurate determinations of 
the global value of H and local deviations 
from it promise to provide valuable new 
information on the density of the uni- 
verse, the deceleration of its expansion, 
and possibly on the size of the cosmolog- 
ical constant. 
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biochemical mechanisms of bacterial 
chemotaxis are relatively well defined 
(3). The application of the techniques of 
modern chemistry and cellular biology to 
the study of leukocyte function has re- 
cently permitted rapid advances in this 
field as well. Several classes of chemo- 
tactic factors have been defined, and 
cytostructural as well as a number of 
biochemical prerequisites of leukocyte 
chemotactic responses have been eluci- 
dated. 

The ability to quantify the migration of 
leukocytes in vitro by reproducible tech- 
niques has fostered significant advances 
in the understanding of chemotaxis. In 
1962, Boyden (4) observed that polymor- 
phonuclear leukocytes (PMN's) placed 
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Nearly 100 years ago, Eli Metchnikoff 
noted that coelomic cells accumulated 
rapidly around a rose thorn that he had 
placed through the skin of a transparent 
starfish larva (1). Metchnikoff's hypothe- 
sis that the cells which had responded to 
the foreign body functioned to defend 
the host provided the cornerstone for our 
current understanding of the role of 
phagocytic leukocytes in cellular im- 
mune responses and inflammatory reac- 
tions. The contention that chemical me- 

diators evoked the directed migration of 
leukocytes led Pfeffer in 1884 to utilize 
the term chemotaxis and stimulated 
Leber several years later to speculate 
that phagocytic leukocytes could sense 
and follow concentration gradients of 
specific stimuli (2). In prokaryotic cells 
chemotaxis is a means of finding nutri- 
ents, whereas in more complex animals, 
such as man, it is a process by which 
cells of the immune system become lo- 
calized at sites of inflammation. The 
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