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L(il, R , ,  R,) = n L, (1) 

which I take as the ~ roduc t  of seven of the 

A Younger Age for the Universe most recent independent cosmological con- 
straints (Table 1 and Fig. 3). For example, 
one of the L ,  in Eq. 1 represents the con- 

Charles H. Lineweaver straints on h .  Recent measurements can be 

The age of the universe in the Big Bang model can be calculated from three 
parameters: Hubble's constant, h; the mass density of the universe, 0,; and the 
cosmological constant, a , .  Recent observations of the cosmic microwave 
background and six other cosmological measurements reduce the uncertainty 
in these three parameters, yielding an age for the universe of 13.4 i 1.6 billion 
years, which is a billion years younger than other recent age estimates. A 
different standard Big Bang model, which includes cold dark matter with a 
cosmological constant, provides a consistent and absolutely time-calibrated 
evolutionary sequence for the universe. 

In the Big Bang model. the age of the uni- 
veise. to. is a function of thiee palameteis h ,  
R,,,, and R ,  (1) The diinensionless Hubble 
constant. h .  tells us how fast the universe is 
expanding The densit) of mattel in the uni- 
verse. a,,, slows the expansion, and the cos- 
mological constant, a , ,  speeds up the eupan- 
sioil (Fig 1) 

Until iecently, laige unceitainties in the 
measulements of iz. fl,,,, and a, made effoi-ts 
to detennine to ( h ,  On,. R ,) unieliable The- 
oietical pieferences weie, and still ale. often 

ments with SNe and other data, I (9) have 
repoi-ted R, = 0.62 ? 0.16 [see (10~-12) for 
similar results]. If R, + 0. then estimates of the 
age of the universe in Big Bang models must 
include a,,. Thus, one must use the most gen- 
eral foim: to = ,f(Rm. f l  ,)!I2 (13). 

Here, I ha\-e combined recent independent 
measurements of CMB anisotropies (9). type Ia 
SKe (4, 5); cluster mass-to-light ratios (6). clus- 
ter abundance evolution (7). cluster baryonic 
fractions (14), deuterium-to-hydrogen ratios in 
quasar spectra (15), double-lobed radio sources 

used to remedy these observational uncertain- (8), and the Hubble constant (1 6)  to determine 
ties. One assumed the standard model (a,,, = the age of the universe. The big picture from the 
1; o, = 0); dating the age of the universe to analysis done here is as follo\vs (Figs. 1 and 2): 
r ,  = 6.52!h billion years old (Ga). However, The Big Bang occurred at -13.4 Ga. About 1.2 
for large or even moderate h estimates billion years (Gy) later, the halo of our Galaxy 
(30.65), these simplifying assulnptions re- (and presumably the halo of other galaxies) 
sulted in an age crisis in which the universe formed. About 3.5 Gy later, the disk of our 
was younger than our Galaxy ( to  = 10 Ga < Galaxy (and presunlably the disks of other 
tGa, - 12 Ga). These assumptions also result- spiral galaxies) formed. This picture agrees 
ed in a baryon crisis in \vhich estimates of the wit11 what we know about galaxy forma- 
amount of nonnal (baryonic) inatter in the tion. Even the recent indications of the 
universe were in conflict (2, 3).  existence of old galaxies at high redshift 

Evidence in favor of R,,, < 1 has become (1 7) fit into the time framework determined 
more compelling (4-8); but a, is still often here. In this sense, the result is not surpris- 
assumed to be zero, not because it is measured ing. What is new is the support given to 
to be so. but because models are sinlvler with- 
out it Recent evidence from supernovae (She) 
(4 5)  indicates that 0, > 0 These She  data 
and othel data exclude the standaid Einstein- 
deSittel model (R,,, = 1, R , = 0) The cosmic 
miciowave backgound (CMB). 011 the other 
hand, excludes models Q ith low a,,, and , = 
0 (3) Vi it11 both high and low an, excluded. , 
cannot be zero Coinbining CMB measule- 
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summarized as & = 0.68 ir 0.10 (16). I 
represent these measurements in Eq. 1 by the 
likelihood 

Another L! in Eq 1 comes from measure- 
ments of the fraction of normal baqonic 
matter in clusters of galaxies (14) and esti- 
mates of the density of nomlal baryonic mat- 
ter in the univelse [R,h2 = 0 0 15 ? 0 005 
(15 18)] When combined, these measure- 
ments yield n,,,h2 ' = 0 19 ? 0 12 (19). 
which contiibutes to the likelihood through 

L,,,,",(h. fl,,,i 

R,i12 - fl",h2 ' !'I 
(3) 

The (flm. a ,)-dependencies of the remain- 
ing five constraints are plotted in Fig. 3 (20). 
The 68% confidence level regions derived 
from CMB and SNe (Fig. 3. A and B) are 
nearly orthogonal, and the region of overlap 
is relatively small. Similar complementarity 
exists between the CMB and the other data 
sets (Fig. 3. C through E). The combination 
of them all (Fig. 3F) yields f r ,  = 0.65 ir 
0.13 ando,, ,  = 0.23 i 0.08 (21). 

This complementarity is even more im- 
portant (but more difficult to visualize) in 
three-dimensional parameter space, (h. a,,,, 
a , )  Although the CMB alone cannot tightly 
constlain ailv of these ~arametels. it does 
have a strong preference in the three-dimen- 
sional space (iz. a,,, R ,) In Eq 1, I used 
L,,,(h. R ,,,, a , ) ,  which is a genelalization 

Table 1. Parameter est imates f r o m  non-CMB measurements.  I refer  t o  these as constra ints.  I use t h e  e r ro r  
bars c i ted  here as l a  errors i n  t h e  l ike l ihood analysis. The f i rs t  f o u r  constra ints are p l o t t e d  i n  Fig. 3, B 
t h r o u g h  E. 

M e t h o d  Reference Est imate 

SNe (35) 12;=O = -0.28 i 0.16, = 0.27 i 0.14 
Cluster  mass-to- l ight  (6) 12;=O = 0.19 + 0.14 
Cluster  abundance evo lu t ion  (7)  1 2 i - o  = 0.17;: ::, 12: 0 2 2 + 0 2 5  -010 

Doub le  radio sources (8) a;=o = -0.25+:::, 12: = 0.ltg.:: 
Baryons (79) R,h2'3 = 0.19 i 0.12 
Hubb le  (76) h = 0 .68  F 0.10 
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of L,,,(R,, R,) (Fig. 3A) (22). To convert 
the three-dimensional likelihood L(h, R,, 
R,) of Eq. 1 into an estimate of the age of the 
universe and into a more easily visualized 
two-dimensional likelihood, L(h, to), I com- 
puted the dynamic age corresponding to each 
point in the three-dimensional space (h, a,, 
a,). For a given h and to, I then set L(h, to) 
equal to the maximum value of L(h, R,, R,) 

L(h, to) = max[L(h, Om, R;Zl\)~t(h,nm,~\)=tol 

(4) 
This has the advantage of explicitly display- 
ing the h dependence of the to result. The 
joint likelihood L(h, to) of Eq. 4 yields an age 
for the universe of to = 13.4 + 1.6 Ga (Fig. 
4). This result is a billion years younger than 
other recent age estimates. 

What one uses for LHUbb,,(h) in Eq. 1 is 
particularly important because, in general, we 
expect the higher h values to yield younger 
ages. Table 2 contains results from a variety of 
h estimates, assuming various central values 
and various uncertainties around these values. 
The main result of to = 13.4 + 1.6 Ga has used 

h = 0.68 2 0.10 but does not depend strongly 
on the central value assumed for Hubble's con- 
stant (as long as this central value is in the most 
accepted range, 0.64 5 h 5 0.72) or on the 
uncertainty of h (unless this uncertainty is taken 
to be very small). Assuming an uncertainty of 
0.10, age estimates from using h = 0.64, 0.68, 
and 0.72 are 13.5, 13.4, and 13.3 Ga, respec- 
tively (Fig. 2). Using a larger uncertainty of 
0.15 with the same h values does not substan- 
tially change the results, which are 13.4, 13.3, 
and 13.2 Ga, respectively. For both groups, the 
age difference is only 0.2 Gy. If to rn llh were 
adhered to, this age difference would be 1.6 Gy. 
Outside the most accepted range, the h depen- 
dence becomes stronger and approaches to rn 

llh (23). 
To show how each constraint contributes 

to the result, I convolved each constraint 
separately with Eq. 2 (Fig. 5). The result does 
not depend strongly on any one of the con- 
straints (see "all - x" results in Table 2). For 
example, the age, independent of the SNe 
data, is to(all - SNe) = 13.3: i:: Ga, which 
differs negligibly from the main result. The 

0 1 1 1 1 1 1 1 1 1 1 / I I I I I I  it" 
-20 -15 -10 -5 NOW 5 10 

Time [Gal(,.,,/,) 

Fig. 1 (left). The size of the universe, in units of its current size, as a 
function of time. The age of the five models can be read from thex axis 
as the time between NOW and the intersection of the model with the x 
axis. The main result of this paper, to = 13.4 5 1.6 Ga. is labeled "to" and 
is shaded gray on the x axis. Measurements of the age of the halo of our 
Galaxy yield t,,, = 12.2 5 0.5 Ga, whereas measurements of the age of 
the disk of our Galaxy yield t,,, = 8.7 L 0.4 Ga (Table 2). These age 
ranges are also labeled and shaded gray. The (a,, R,) = (0.3,0.7) model 
fits the constraints of Table 1 better than the other models shown. Over 
the past few billion years. and on into the future, the rate of expansion 
of this model increases (R > 0). This acceleration means that we are in 
a period of slow inflation. Other consequences of a R,-dominated 
universe are discussed in (50). On the x axis. h = 0.68 has been 
assumed. For other values of h, multiply the x axis ages by 0.68fh. 
Redshifts are indicated on the right. Fig. 2 (right). Age estimates of 
the universe and of the oldest objects in our Galaxy. The four estimates 
of the age of the universe from this work are indicated in Table 2. The 
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age, independent of the SNe and CMB data, 
is to(all - CMB - SNe) = 12.6:::; Ga, 
which is somewhat lower than the main result 
but within the error bars. 

The Oldest Objects in Our Galaxy 
The universe cannot be younger than the oldest 
objects in it. Thus, estimates of the age of the 
oldest objects in our Galaxy are lower limits to 
the age of the universe (Table 2 and Fig. 2). A 
standard but simplified scenario for the origin 
of our Galaxy has a halo of globular clusters 
forming first, followed by the formation of the 
Galactic disk. The most recent measurements of 
the age of the oldest objects in the Galactic disk 
give t,,, = 8.7 2 0.4 Ga (Table 2). The most 
recent measurements of the age of the oldest 
objects in the halo of our Galaxy give t,,, = 

12.2 -C 0.5 Ga (Table 2). The individual mea- 
surements are in good agreement with these 
averages. There are no large outliers. In contrast 
to the to(h, Om, R,) estimates obtained above, 
all of these age estimates are direct in the sense 
that they have no dependence on a Big Bang 
model. 

1 1  1 1 1 l l I I  I l l  I 

Galaxy Universe 
Halo 1 

I ? '  I 

three similar points near 13.4 Ga result from h = 0.64, 0.68, and 0.72 
and indicate that the result is not strongly dependent on h when a 
reasonable h uncertainty of L0.10 is used. Among the four, the highest 
value at 14.6 Ga comes from assuming h = 0.64 L 0.02. All the 
estimates in the top section of Table 2 are plotted here. As in Fig. 1, 
averages of the ages of the Galactic halo and Galactic disk are shaded 
gray. The absence of any single age estimate more than -2u from the 
average adds plausibility to the possibly overdemocratic procedure of 
computing the variance-weighted averages. The result that t > t,,, is 
logically inevitable, but the standard Einstein-deSitter modef does not 
satisfy this requirement unless h < 0.55. The reference for each 
measurement is given under the x axis. The age of the sun is accurately 
known and is included for reference. Error bars indicate the reported l u  
limits. 

1 504 28 MAY 1999 VOL 284 SCIENCE www.sciencemag.org 



R E S E A R C H  A R T I C L E S  
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Fig. 3 (left). The regions of the ((I,, (1 ,) plane preferred by various con- 
straints. (A) Cosmic microwave background, (B) SNe, (C) cluster mass-to-light 
ratios, (D) cluster abundance evolution, (E) double radio lobes, and (F) all 
combined. The power of combining CMB constraints with each of the other 
constraints (Table 1) is also shown. The elongated areas (from upper left t o  - 
lower right) in (A) are the approximate Itr, Ztr, and 3tr confidence levels of the 
likelihood from CMB data, LC,, (9). (A) also shows the important h depen- 
dence of LC,,. The contours within the dark shaded region are of h values that 
maximize LC,, for a given (Om, (1 ,) pair (h = 0.70 and 0.90). This correlation u 
between preferred h and preferred ((l,, 11 ,) helps LcM,(h, (I,, (1 ,) constrain 
to. In (B) through (E), thin contours enclose the Itr (shaded)*and 2tr confidence 0 l o  
regions from separate constraints, and thick contours indicate the Itr, Za, and 
3tr regions of the combination of LC,, with these same constraints. (F) shows 
the region preferred by the combinat~on of the separate constraints shown in 
(B) through (E) (thin contours) as well as the combination of (A) through (E) 
(thick contours). The best f i t  values are (1, = 0.65 t 0.13 and (1, = 0.23 2 
0.08. In (A), the thin iso-to contours (labeled "10" through "14") indicate the 
age (billion years ago) when h = 0.68 is assumed. For reference, the 13- and 
14-Ga contours are in all panels. To give an idea of the sensitivity of the h 
dependence of these contours, the two additional dashed contours in (A) 
show the 13-Ga contours for h = 0.58 and 0.78 (the l a  limits of the principle 
h estimate used in this paper). In (F), it appears that the best f i t  has to = 14.5 
Ga, but all constraints shown here are independent of information about h; 
they do not include the h dependence of LC,,, Lb,,o,s, or L,,,,,,, (Table 
1). Fig. 4 (top right). This plot shows the region of the h - to plane 
preferred by the combination of all seven constraints. The result, to = 13.4 2 
1.6 Ga, is the main result of this paper. The thick contours around the best f i t  h 
(indicated by a star) are at likelihood levels defined by LILmax = 0.607 and 0.135, which approximate 68 and 95% confidence levels, respectively. 
These contours can be projected onto the to axis t o  yield the age result. This age result is robust t o  variations in the Hubble constraint as 
indicated in Table 2. The areas marked "Excluded" (here and in  Fig. 5) result from the range o f  parameters considered: 0.1 5 R, 5 1.0 and 0 5 
(1, 5 0.9 w i th  Il, + I 1  \ 1. Thus, the upper (high to) boundary is defined by (IZ,, 12 ,) = (0.1, 0.9), and the lower boundary is the standard 
Einstein-deSitter model def~ned by (I),, I 1  ,) = (1, 0). Both of these boundary models are plotted in Fig. 1. The estimates from Table 2 of the 
age of our Galactic halo (t,,,) and the age of the Milky Way (tdiS,) are shaded grey. The universe is about 1 billion years older than our Galactic 
halo. The combined constraints also yield a best f i t  value of the Hubble constant which can be read of f  of the x axis (h = 0.73 Z 0.09, a slightly 
higher and tighter estimate than the input h = 0.68 2 0.10). Fig. 5 (bo t tom right). The purpose o f  this figure is t o  show how Fig. 4 is built 
up from the seven independent constraints used in the analysis. All six panels are analogous t o  Fig. 4 but contain only the Hubble constraint 
[h = 0.68 ? 0.10 (Eq. 2)] convolved wi th  a single constraint: (A) cosmic microwave background, (B) SNe, (C) cluster mass-to-light ratios, (D) 
cluster abundance evolution, (E) double radio lobes, and (F) baryons (Table 1). The relative position of the best f i t  (indicated by a star) and the 
13.4-Ga line indicates how each constraint contributes t o  the result. 
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How old was the universe when our Galaxy between the age reported here and the estimate 
formed? If we write this as t,,, f I t  = to, then of the age of our Galaxy (Table 2). Thus, I t  = 

what is the amount of time (At) between the to - t,,, = 13.4 - 12.2 = 1.2 1 1.8 Gy. 
formation of our Galaxy and the formation of The age measurements in Table 2 also 
the universe? If we had an estimate of At, then indicate that there is a 3.5-Gy period between 
we would have an independent estimate of to to halo and disk foimation (t,,, - t,,,,). If our 
compare to ro = 13.4 ? 1.6 Ga, obtained above. Milky Way is typical, then this may be true of 
However, we have very poor constraints on At. other spiral galaxies. With the best fit values 
The simple but plausible estimate At - 1 Gy is obtained here for the three parameters, (h, 
often invoked, but estimates range from -0.1 a,, a.,) = (0.72 t 0.09, 0.23 t 0.08, 
to -5 Gy and may be even larger (24, 25). This 0.65 i 0.13), the ages t,,,, and t,,, can be 
uncertainty in At undermines the ability of es- converted into the redshifts at which the disk 
timates of the age of the oldest objects in our and halo formed: z,,,, = 1.3': 2 and zGa, = 

Galaxy to tell us the age of the universe. With- 6.OI7,. Thus, a diskless epoch should be 
out At, we cannot infer to from t,,,. The best centered at a redshift between zdlSk and zGa, 
estimate of At may come from the difference (1 3 S zdlSkleSS 6 6 0). We would expect 

Table 2. Age estimates of our Galaxy and universe (36). "Technique" refers t o  the method used t o  make 
the age estimate. OC, open clusters; WD, white dwarfs; LF, luminosity function; avg, average; CC, globular 
clusters; MIL, mass-to-light ratio; and cl evol, cluster abundance evolution. The averages are inverse 
variance-weighted averages of the individual measurements. The sun is not included in the disk average. 
"lsotopes" refers t o  the use of relative isotopic abundances of long-lived species as indicated by 
absorption lines in spectra of old disk stars. The "stellar ages" technique uses main sequence f i t t ing and 
the new Hipparcos subdwarf calibration. "All" means that all six constraints in Table 1 and the CMB 
constraints were used in Eq. 1. "All - xu means that all seven constraints except constraint x were used 
in Eq. 1. Figures 3 and 5 and the all - x results indicate a high level of agreement between constraints 
and the lack of dependence on any single constraint. Thus, there is a broad consistency between the ages 
preferred by the CMB and the six other independent constraints. Figure 2 presents all of the disk and halo 
age estimates. 

Technique Reference h assumptions Age (Ca) Object 

Isotopes (37) None 4.53 = 0.04 Sun 

Stellar ages (38) None 8.0 i 0.5 Disk OC 
WD LF (39) None 8.0 i 1.5 Disk WD 
Stellar ages (40) None 9.0 = 1 Disk OC 
WD LF (25) None 9.7::; Disk WD 
Stellar ages (47) None lZ.OT2.g Disk OC 

None 8.7 = 0.4 t,,,, (a%) 

Stellar ages 
Stellar ages 
Stellar ages 
Stellar ages 
Stellar ages 
lsotopes 
Stellar ages 
Stellar ages 

None 
None 
None 
None 
None 
None 
None 
None 
None 

Halo CC 
Halo CC 
Halo CC 
Halo CC 
Halo CC 
Halo stars 
Halo CC 
Halo CC 
t',, (a%) 

SNe (4) 0.63 i 0.0 14.5 i 1.0 Universe 
SNe (flat) (4) 0.63 i 0.0 14.9';.:* Universe 
SNe (5) 0.65 = 0.02 14.2 = 1.7 Universe 
SNe (flat) (5) 0.65 ? 0.02 15.2 i 1.7* Universe 
All This work 0.60 i 0.10 15.5::.2 Universe 
All This work 0.64 i 0.10 13.5:; :* Universe 
All This work 0.68 i 0.10 13.4:;::* Universe 
All This work 0.72 = 0.10 13.3:; $* Universe 
All This work 0.76 = 0.10 12.3': 2 Universe 
All This work 0.80 i 0.10 11.9?::2 Universe 
All This work 0.64 t 0.02 14.6:: :* Universe 
All - CMB This work 0.68 2 0.10 14.0'2:: Universe 
All - SNe This work 0.68 i 0.10 13.3': ,7 Universe 
All - MIL This work 0.68 i 0.10 13.3:: 9, Universe 
All - cl  evol This work 0.68 2 0.10 13.3';: Universe 
All - radio This work 0.68 = 0.10 13.3':; Universe 
All - baryons This work 0.68 = 0.10 13.4':; Universe 
All - Hubble This work None <14.2 Universe 
All - CMB - SNe This work 0.68 ? 0.10 12.6';; Universe 

*Also plotted in Fig. 2. 

fewer disks in the halolike progenitors of 
spiral galaxies in this redshift range. Studies 
of galaxy types in the Hubble Deep Field 
indicate that this may be the case (26). 

The requirement that the universe be older 
than our Galaxy (to > t,,,) is a consistency 
test of the Big Bang model. The best fit 
model obtained here passes this test. There is 
no age crisis. This is t i le  even if the high 
values of h (-0.80) are coirect. Only at h = 
0.85 is to .= t,,,. This consistency provides 
further support for the Big Bang model, 
which the standard model (n,,, = 1, C l ,  = 0) 
is unable to match unless h < 0.5 5 .  

Comparison with Previous Work 
The goal of this paper is to determine the 
absolute age of the universe to(h, a a,,). 
Knowledge of I? alone cannot be used to deter- 
mine to with much accuracy. For example, the 
estimate h = 0.68 t 0.10 coirespoilds to 8 < 
to < 22 Ga (Fig. 4). Similarly; knowledge of 
(a,,,, 0,) yields Hoto(an,, a,), not to (Ho is the 
usual Hubble constant). When one inserts a 
preferred value of h into a Hoto result, one is not 
taking into consideration the correlations be- 
tween preferred h values and preferred (nn1, 
R.,) values that are inherent, for example, in 
~ ~ ~ ~ ~ ( h ,  a,,, n,) and L ,,",(A, nIn).   he 
preferred values of h in these likelihoods de- 
pend on and n,\. Perlmutter et al. (4) used 
SNe measurements to constrain (a,,, CL,) and 
obtained values for Hoto. To obtain to, they did 
the analysis with /? set equal to the value pre- 
ferred by their SNe data. h = 0.63. Their result 
is to = 14.5 i l.O(O.63:h) Ga. When a flat 
universe is assumed, they obtain t? = 
14.9:: ;'(0.63/h) Ga. Riess et a/ .  (5) found h = 
0.65 -t 0.02 from their SNe data. Marginalizing 
over this Hubble value and over a., and nIn, 
they report to = 14.2 t 1.7 Ga. When a flat 
universe is assumed, their results yield ttat = 
15.2 1 1.7 Ga. The Perlmutter et 01. (4) and 
Ress et al. (5 )  results are in good agreement. 
When I assume h = 0.64 1 0.02, I get to = 
14.6:i.f Ga. This result is plotted in Fig. 2 to 
illustrate the important influence on the result of 
using a small h uncertainty. Efstathiou et a/.  
(12), on the basis of a combination of CMB and 
Perlmutter et a/ .  (4) SKe data, have estimated 
to = 14.6(h/0.65)p1 Ga. I used h = 0.65 1 0.0 
with this data combination to get to = 14.5'i.i 
Ga. However, when I used h = 0.65 ? 0.10, the 
result is 0.7 Gy lower (to = 13.8':,: Ga). To 
obtain the main result, I used uncertainties large 
enough to reflect our knowledge of h, on the 
basis of many sources. The use of a larger h 
uncertainty contributes to the substantially 
younger ages found here (23). 

4 potential problem with the SNe ages is 
the high region, (n,", n,) - (0.8, 1.5), which 
dominates the SNe fit. This region is strongly 
disfavored by the six other constraints consid- 
ered here (see Fig. 3). These high (a,,,; a , )  
values allow lower ages than the t:at SNe re- 
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sulta because the s l o l x  of  the iso-to con- 
tours (F ig .  3 B )  is larger than tlie slope o f  
the SNe contours. The  reiul ts  are not as 
subject to this probleln anti are th? r<ault> 
most analozous to tlie result reported here. 
despite tlie fact that tlie S h e  r:." r es~ l l t s  are 
less co~ls ia te~l t  nit11 the result reported here. 
There are se\.eral intiepentlent cobnlologi- 
cal measuremeata that h a l e  not beell ill- 
cluded in this anal!sis either because a 
consensus lias not > et bee11 reaclleti [gra\ - 
itational lensing l i~nitb ( 2 - - 3 O ) ]  or  because 
the analyais o f  tile ~nsasu~.en len ts  has not 
bee11 done in a n a )  that is sufficiently free 
o f  coatlitioning on certain parameters [local 
\relocity fielti linlits (3111 .  D o ~ ~ b t s  about 
some of the obserxatlons l~se i l  here are 
i l ~ a c ~ ~ s s e c l  in ( 3 2 ) .  There lias been specula- 
tion receatl) that the e\.idence for n, is 
reall> e l - idmce  for so1112 form o f  stranger 
dark m e r g )  that \ye h a l e  been incorrectl> 
in te rprs t~ng  as !!.,. Se\  era1 n.orksrs ha\.e 
tested this idea. The e\.idence so  far incll- 
cates that the c o s ~ ~ ~ o l o g i c a l  c o i ~ s t a ~ l t  ~ i l t e r -  
pretation fits the data as  ell as or  better 
than an explanation based on more 111) ste- 
rious dark energy ( 4. 33. 31) .  
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