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A bstract. In the past decade, ocbservational cosn ology has had one of the m ost ex—
citing periods in the past century. The precision with which we have been abl to
m easure cosm ological param eters has increased trem endously, while at the sam e tim g,
we have been surprised beyond our w ildest dream s by the results. I review here recent
m easurem ents of the expansion rate, geom etry, age , m atter content, and equation of
state of the universe, and discuss the in plications for our understanding of coan ology.

1 Introduction

A s early as a decade ago, the uncertainties in the m easurem ent of cosn ological
param eters was such that few de nitive statem ents could be m ade regarding
coam ologicalm odels. T hat situation has changed com pletely. Instead all cosn o—
logicalobservableshave now converged on a single cosn ologicalm odel. U nfortu—
nately, or perhaps fortunately for theorists, the \standard m odel" of cosn ology
from the 1980’s is now dead. Instead, the m odel that has survived the test of
observation is com pletely nexplicable at the present tim e, producing m any m ore
questionsthan answers. At the very least, our vision ofthe future ofthe U niverse
has com pltely changed, and the long-tauted connection between geom etry and
destiny is now dead.

I have been asked here to review the current status of our know ledge of
coam ological observables. Follow ing previous review s I have prepared, it seem s
reasonable to divide this into three subsections, Space, T In e, and M atter. Specif-
ically, I shall concentrate on the follow Ing observables:

Space:

E xpansion R ate
G eom etry

Tin e:
A ge ofthe Universe

M atter:
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Baryon D ensity
Large Scale Structure
M atter D ensity

E quation of State

2 Space:The Final Frontier:

2.1 The Hubble C onstant

A rguably the m ost In portant single param eter describing the physical universe
today is the Hubbl Constant. Since the discovery in 1929 that the Universe is
expanding, the determm ination of the rate of expansion dom inated observational
coamn ology for much of the rest of the 20th century. T he expansion rate, given
by the Hubbl Constant, sets the overall scale for m ost other observables in
cogm ology.

The big news, if any, is that by the end of the 20th century, alm ost all
m easurem ents have converged on a single range for this all in portant quantity.
(Isay aln ostall, because tom y know ledge A lan Sandage stillbelievesthe clain ed
Iim its are incorrect [4].)

R ecently, the Hubble Space Telescope K ey P rogct has announced is nal
resuls. T his is the Jargest scale endeavor carried out over the past decade w ith a
goalofachieving a 10 $ absolute uncertainty in the Hubbl constant. T he goal
ofthe profct hasbeen to use C gpheid um inosity distancesto 25 di erent galax—
des located within 25 M egaparsecs in order to calbrate a variety of secondary
distance indicators, which in tum can be used to detem ine the distance to far
further ob fects of known redshift. T his in principle allow s a m easurem ent of the
distance-redshift relation and thus the H ubble constant on scaleswhere localpe—
culiar velocities are insigni cant.The ve distance indicators so constrained are:
(1) the Tully F isher relation, appropriate for spirals, ) the Fundam entalplane,
appropriate for ellipticals, (3) surface brightness uctuations, and (4) Supemova
T ype la distance m easures, and (5) Supemovae T ype II distance m easures.

T he C epheid distances obtained from the HST proct include a larger LM C
sam ple to calbrate the period-lum inosity relation, a new photom etric calbra-
tion, and correctdions for m etallicity. A s a result they determ ined a new LM C
distance m odulus, of o, = 18:50 0:10m ag.The number ofC epheid calbrators
used for the secondary m easures include 21 for the Tully-F isher relation, and 6
for each ofthe Type Ia and surface uctuation m easures.

The HST K ey proct reported m easurem ents for each of these m ethods is
present below [U]. W hile I shall adopt these as quoted, it is worth pointing
out that som e critics have stressed that this Involves utilizing data obtained by
other groups, w ho them selves som etin es report di erent valuesofHy).The rst
quoted uncertainty is statistical, the second is system atic (com Ing from such
things as LM C zero point m easurem ents, photom etry, m etallicity uncertainties,
and rem nantbuk ows).



T he State of the Universe 2002 3

HiP =82 6 9
HSPF =70 5 6
H'? =71 2 6
HSN T =172 9 7

On the basis of these resuls, the Key P rofct reports a weighted average
vale:

Hy®*=72 3 7kms ™Mpc @)

and a nalocombined average of

HY® =72 8kms 'Mpc ')

The Hubbl D iagram obtained from the HST profct [l] is reproduced here.

In the weighted average quoted above, the dom inant contribution to the 11%
one sigm a error com es from an overalluncertainty in the distance to the Large
M agellanic C oud. If the C epheid M etallicity were shifted w ithin its allowed 4%
uncertainty range, the best t mean value for the Hubble Constant from the
HST K ey profct would shift downard to 68 6.
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Fig.1.HST Key Prokct Hubbl D iagram
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The SunyaevZeldovich e ect results from a shift in the spectrum of the
Coam ic M icrow ave B ackground radiation due to scattering of the radiation by
electgrons as the radiation passes through Intervening galaxy clusters on the way
to our receivers on Earth.Because the electron tem perature in C lusters exceeds
that In the CM B, the radiation is system atically shifted to higher frequencies,
producihg a de cit In the intensity below som e characteristic frequency, and
an excess above i. The am plitude of the e ect depends upon the T hom pson
scattering scross section, and the electron density, integrated over the photon’s
path:

SZ T nedl

At the sam e tin e the electrons in the hot gas that dom hhates the baryonic
m atter In galaxy clusters also em its X Rays, and the overallX -Ray Intensity is
proportional to the square of the electron density integrated along the line of
sight through the cluster:

X Ray nidl

U sing m odels of the cluster density pro Il one can then use the the di ering
dependence on ne In the two integrals above to extract the physical path-length
through the cluster. A ssum ing the radial extension of the cluster is approxi-
m ately equalto the extension across the line of sight one can com pare the physi-
cal size of the cluster to the angular size to determ ine its distance. C learly, since
this assum ption is only good in a statistical sense, the use of S-Z and X Ray
observations to determ ine the Hubble constant cannot be done reliably on the
basis of a single cluster observation, but rather on an ensemble.

A recent prelin inary analysis of several clusters [2] yields:

HS? =60 10ks 'M pc *

Type la SN (non-Key Profct):

One of the HST Key P rogct distance estim ators nvolves the use of Type
la SN as standard candles. A s previously em phasized, the Key P rogct does
not perform direct m easurem ents of Type la supemovae but rather uses data
obtained by other gorpus.W hen these groups perform an independent analysis
to derive a value for the Hubbl constant they arrive at a an aller value than
that quoted by the K ey P rofct. T heirm ost recent quoted value is [3]:

Ho®=64"%ks "M pc !

At the sam e tin e, Sandage and collaborators have perfom ed an independent
analysis of SN e Ia distances and obtain 4]:

Hj*=58 6ks 'Mpc '
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Surface B rightness F luctuations and The G alaxy D ensity F ield:

A nother recently used distance estin ator involresthem easurem ent of uctu-
ations in the galaxy surface brightness, which correspond to density uctuations
allow ing an estin ate of the physical size of a galaxy. This m easure yields a
slightly higher value for the Hubbl constant [B]:

HSBF =74 4ks 'Mpc !t

T im e D elys in G ravitational Lensing:

O ne ofthem ost rem arkable observations associated w ith observationsofm ul-
tiple in ages of distant quasars due to gravitational lensing intervening galax—
ies has been the m easurem ent of the tim e delay In the two im ages of quasar
Q0957 + 561. This tin e delay, m easured quite accurately to be 417 3 days
is due to two factors: The path-length di erence between the quasar and the
earth for the light from the two di erent im ages, and the Shapiro graviational
tim e delay for the light rays traveling in slightly di erent gravitationalpotential
wells. If i were not for this second factor, a m easurem ent of the tin e delay
could be directly used to determ ine the distance of the intervening galaxy. This
latter factor however, in plies that a m odel of both the galaxy, and the cluster
In which it is em bedded m ust be used to estin ate the Shapiro tin e delay. This
Introduces an additional m odeldependent uncertainty into the analysis. Two
di erent analyses yield valiesifl]:

HoPt=69"150 )ks 'Mpct

HyP?=74"150 )ks 'Mpc'

where isa param eterwhich acoounts for a possible deviation in cluster param —
eters goveming the overall induced gravitational tin e delay of the two signals
from that assum ed in the best t. It is assum ed in the analysis that is amall

Summ ary:
Tt isdi cultto know how to best ncorporate allofthe quoted estin ates into
a single estin ate, given their separate system atic and statistical uncertainties.
A ssum Ing large num ber statistics, where large here Includes the quoted values
presented here, I perform a sin ple weighted average of the individualestin ates,
and nd an approxin ate average value:

HyY 70 S5ks 'Mpc ' @

2.2 Geometry:

Agailn, or much of the 20th century the e ort to determ ne the geom etry of
the Universe involved a very indirect route. E instein’s Equations yield a rela—
tionship between the Hubble constant, the energy density, and the curvature of
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the Universe. By attem pting to detem ine the rst two quantities, one hoped to
constrain the third. The problem is that until the past decade the uncertainty
in the Hubbl constant was at least 2030 $ and the uncertainty in the average
energy density of the universe was even greater.A s a result, aln ost any value
for the net curvature of the universe rem ained viable.

Tt has rem ained a dream of observational cosm ologists to be able to directly
m easure the geom etry of space-tin e rather than infer the curvature of the uni-
verse by com paring the expansion rate to the m ean m ass density. W hil several
such tests, based on m easuring galaxy counts as a function of redshift, or the
variation of angular diam eter distance w ith redshift, have been attem pted in
the past, these have allbeen stym ied by the achilles heel of m any observational
m easurem ents In cosm ology, evolutionary e ects.

R ecently, how ever, m easurem ents of the coan ic m icrow ave background have

nally brought us to the threshold of a direct m easurem ent of geom etry, inde—
pendent oftraditionalastrophysicaluncertainties. T he idea behind thism easure—
ment is, in principle, quite sin ple. The CM B orighhates from a spherical shell
located at the surface of Jast scattering (SLS), at a redshift ofroughly z  1000):

Ifa duciallength could unam bigously be distinguished on this surface, then
a determ ination of the angular size associated w ith this length would allow a
determ ination of the intervening geom etry:

Fortunately, nature has provided such a ducial length, which corresponds
roughly to the horizon size at the tin e the surface of last scattering existed (In
this case the length is the "sound horizon", but since the m edium in question
is relativistic, the speed of sound is close to the speed of light.) T he reason for
this is also straightforward. This is the largest scale over which causale ects
at the tin e of the creation of the surface of last scattering could have kft an
In print.Density uctuationson such scaleswould result in acoustic oscillations
ofthem atterradiation uid, and the doppler m otion of electronsm oving along
with this uid which scatter on photons em erging from the SLS produces a
characteristic peak In the power spectrum of uctuations of the CM BR at a
w avenum ber corresponding to the angular scale spanned by this physical scale.
These uctuations should also be visually distinguishable in an in age m ap of
the CM B, provided a resolution on degree scales is possible.

R ecently, a number ofdi erent ground-based balloon experin ents, lJaunched
iIn places such Texas and Antarctica have resulted in m aps w ith the required
resolution [/}8/9]10]. Shown below is a com parison of the actual Boom erang
m ap with several sin ulations based on a gaussian random spectrum of density

uctuations in a cold-dark m atteruniverse, foropen, closed,and at cosm ologies.
Even at this qualitative level, i is clear that a at universe provides better
agream ent to betw een the sin ulations and the data than either an open or closed
universe.

On a more quantitative level, one can com pare the inferred power spectra
w ith predicted spectra [11]. Such com parisions for the m ost recent data [12]
yields a constraint on the density param eter:
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COSMIC MICROWAYVE BACKGROUND
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Fig.2. A schem atic diagram of the surface of last scattering, show ing the distance
traversed by CM B radiation.
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For the 1rst tine, i appears that the longstanding prejidice of theorists,
nam ely that we live n a at universe, m ay have been vindicated by observa—
tion ! H ow ever, theorists can not be too selfsatis ed by this result, because the
source of this energy density appears to be com pletely unexpected, and largely
nexplicable at the present tim e, as we w ill shortly see.

3 Tine
3.1 Stellar A ges:

EversinceK elvin and Helm holz rstestin ated the age ofthe Sun to be lessthan
100 m illion years, assum ing that graviational contraction was its prin e energy
source, there has been a tension between stellar age estin ates and estin ates of
the age of the universe. In the case of the Kelvin-H elm holtz case, the age of
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Angular Size of a Fixed Scale in
Open, Closed, and Flat Universes:

First Scale to Collapse after
Recombination (=distance spanned
by light ray =horizon size)
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Fig.3. The geom etry of the Universe and ray trafctories for CM B radiation.

the sun appeared too short to accom odate an Earth which was several billion
yearsold.O verm uch ofthe latter halfofthe 20th century, the opposite problem

dom inated the coam ological Jandscape. Stellar ages, based on nuclar reactions
as m easured In the laboratory, appeared to be too old to accom odate even an
open universe, based on estim ates of the Hubble param eter. Again, as I shall
outline in the next section, the observed expansion rate gives an upper lin it on
the age of the Universe which depends, to som e degree, upon the equation of
state, and the overallenergy densiy of the dom nant m atter in the Universe.

T here are severalm ethods to attem pt to determ Ine stellar ages, but I will
concentrate hereon m ain sequence tting techiniques, because those are the ones
I have been involved In.For a m ore general review , see [L3].

The basic dea behind m ain sequence tting is sinple. A stellar m odel is
constructed by solving the basic equations of stellar structure, including conser—
vation ofm ass and energy and the assum ption of hydrostatic equilbrium , and
the equations of energy transport. B oundary conditions at the center ofthe star
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” 25° .

Fig.4. Boom erang data visually com pared to expectations for an open, closed, and
at CDM Universe.

and at the surface are then used, and com bined w ith assum ed equation of state
equations, opacities, and nuclkar reaction rates in order to evolve a star of given
m ass, and elem ental com position.

G Iobular clusters are com pact stellar system s containing up to 10° stars, w ith
low heavy elem ent abundance.M any are located In a sohericalhalo around the
galactic center, suggesting they form ed early in the history of our galaxy.By
m aking a cut on those clustersw ith large halo velocities, and low est m etallicities
(less than 1/100th the solar value), one attem pts to observationally distinguish
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the oldest such system s. Because these system s are com pact, one can safely
assum e that all the stars w ithin them form ed at approxin ately the sam e tim e.

O bservers m easure the color and lum inosiy of stars In such clusters, pro—
ducing colorm agniude diagram s of the type shown in Figure 2 (pased on data
from [L3].

12
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16 | Branch ww-twomia =7 - 8 i
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22 + .
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Fig.5.Colorm agniude diagram fora typicalglobular clister, M 15.Verticalaxisplots
the m agnitude (um inosity) of the stars in the V wavelength region and the horizontal
axis plots the color (surface tem perature) of the stars.

N ext, using stellar m odels, one can attem pt to evolve stars ofdi ering m ass
for the m etallicities appropriate to a given cluster, in orderto t ocbservations.A
point which is often conveniently chosen is the so—called m ain sequence-tumo
M STO ) point, the point In which hydrogen buming (m ain sequence) stars have
exhausted their supply of hydrogen in the core. A fter the M STO, the stars
quickly expand, becom e brighter, and are referred toasRed G ant Branch RGB)
stars. H igherm ass stars develop a heliim core that is so hot and dense that he—
Ium fusion begins. These form along the horizontal branch. Som e stars along
thisbranch are unstable to radialpulsations, the socalled RR Lyrae starsm en—
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tioned earlier, which are in portant distance indicators. W hile one in principle
could attem pt to  t theoretical isochrones (the locus of points on the predicted
CM curve corregoonding to di erentm ass starswhich have evolved to a speci ed
age), to observations at any point, the m ain sequence tumo  is both sensitive
to age, and nvolves m inin al (though Jjust how m inin al rem ains to be seen)
theoretical uncertainties.

D In ensional analysis tells us that the m ain sequence tumo should be a
sensitive function of age. The lum inosiy of upper m ain sequence stars is very
roughly proportionalto the third power of solarm ass. H ence the tin e it takesto
bum the hydrogen fiiel is proportionalto the totalam ount of fiiel (proportional
to the mass M ), divided by the Lum jnos:ii:y| proportionalto M 3. Hence the
lifetim e of stars on the m ain sequence is roughly proportional to the inverse
square of the stellarm ass.

O f course the ability to go beyond this rough approxin ation depends com —
pltely on the on the con dence one has in one’s stellar m odels. W hat ism ost
In portant for the com parison of coan ological predictions w ith inferred age esti-
m ates is the uncertainties In stellarm odelparam eters, and not m erely their best

t values.

O ver the course of the past severalyears, I and my collaborators have tried
to incorporate stellarm odeluncertainties, along w ith observationaluncertainties
Into a self consistent M onte C arlo analysis which m ight allow one to estin ate
a reliable range of globular cluster ages. O thers have carried out Independent,
but sim ilar studies, and at the present tim e, rough agreem ent has been obtained
between the di erent groups (ie. sedlf]).

Iw illnotbelaborthe detailed history ofallsuch e ortshere.Them ost crucial
Insight has been that stellar m odel uncertainties are an all in com parison to an
overall observational uncertainty inherent in  tting predicted m ain sequence
lum inosities to observed tumo m agniudes. T his m atching depends crucially
on a determ nation of the distance to globular clusters. T he uncertainty in this
distance scalkeproducesby farthe lJargest uncertainty in the quoted age estin ates.

In m any studies, the distance to globular clisters can be param etrized In
tem s of the inferred m agniude of the horizontalbranch stars. Thism agnitude
can, In tum, be presented In tem s ofthe inferred absolutem agnitude, M ; RR )of
RR Lyrae variable stars located on the horizontalbranch.

In 1997, the H Ipparcos satellite produced its catalogue ofparallaxes ofnearby
stars, causing an apparent revision in distance estin ates. T he H Ipparcos paral-
laxes seam ed to be system atically an aller, for the an allest m easured parallaxes,
than previous terrestrially determ ined parallaxes.C ould this represent the unan—
ticipated system atic uncertainty that D avid has suspected? Since all the detailed
analyses had been preH jpparcos, several groups scram bled to Incorporate the
H Jpparcos catalogue into their analyses. The inm ediate result was a generally
JIowerm ean age estim ate, reducing the m ean valie to 11.5-12 G yr, and allow ing
ages ofthe oldest globular clustersas low as 9.5 G yr.H owever, what isalso clear
is that there isnow an explicit system atic uncertainty in the RR Lyrae distance
m oduluswhich dom Inatesthe results.D 1 erentm easurem ents are no longer con—
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sistent. D epending upon which distance estin ator is correct, and there is now
better evidence that the distance estin ators which disagree with H pparcos—
based m ain sequence tting should not be disn issed out of hand, the best- t
globular cluster estin ate could shift up perhaps1 , orabout 1.5 Gyr, to about
13 Gyr.

W ithin the past two years, Brian Chaboyer and I have reanalyzed globular
cluster ages, ncorporating new nuclear reaction rates, cosm ologicalestin ates of
the *He abundance, and m ost In portantly, several new estin ates ofM , RR),
shown below .
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Fig.6. D1 erent estin ates of the inferred m agnitude of horizontal branch RR Lyrae
stars, w ith uncertainties

The result is that while system atic uncertainties clearly still dom inate, we
argue that the best  t age of globular clusters is now 12:6 gj (95% ) Gyr, wih
a 95 % con dence range of about 11-16 G yr[T3].

Ifwe are to tum this result nto a lower lim it on the age of the Universe
we must add to this estin ate the tin e after the B ig Bang that it took for the

rst globular clusters in our galaxy to form . Here there is great uncertainty.
However a robust lower lin it com es from observations of structure form ation
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F ig.7.H istogram show ing range ofage tsto old globular clusters using M onte C arlo
analysis

In the Universe, which suggest that the 1rst galaxies could not have form ed
much before a redshift of 6-7. Tuming this redshift Into an age depends upon
the equation of state of the dom inant energy density at that time (see below ).
However, one can show that at such high redshifts, the e ectsofa possble dark
energy com ponent are m inin al, lrading to a m nimum age of globular cluster
form ation of about 8 Gyr. The maxmmum age is much lss certain, as i is
possbl for galaxies to form at redshifts as low as 12. Thus, one must add an
age of perhaps 354 Gyr to the globular age estin ate above to get an upper
Iim it on the age of the Universe. P utting these factors together, one derives a
95% con dence age range for the Universe 0of 11 2-20 G yr.

3.2 Hubble A ge:

A s alided to earlier, in a Friedm an-R obertson-W alker Universe, the age of the
Universe is directly related to both the overall density of energy, and to the
equation of state ofthe dom inant com ponent ofthisenergy density. T he equation
of state is param eterized by the ratio ! = p= , where p stands for pressure and
for energy density. Tt is this ratio which enters into the second order Friedm an
equation descrbing the change in Hubbl param eter w th tim e, which In tum
determ ines the age of the Universe for a speci c net totalenergy density.
T he fact that this depends on two independent param eters has m eant that
one could reconcik possble con icts with globular cluster age estin ates by al-
tering either the energy density, or the equation of state. An open universe, for
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exam ple, is older for a given Hubbl Constant, than isa at universe, whilke a
at universe dom inated by a coan ological constant can be older than an open
m atter dom inated universe.

If, however, we Incorporate the recent geom etric determ ination which sug-—
gests we live In a at Universe Into our analysis, then our constraints on the
possble equation of state on the dom inant energy density of the universe be—
com em ore severe. If, or existence, we allow fora di use com ponent to the total
energy density w ith the equation of state of a cosmn ological constant (! = 1),
then the age ofthe U niverse for various com binations ofm atter and cosm ological
constant is given by:

%1 dz

H = 3
ot o QA+ 2 o)A+ 203+ ((x)@Q+ z)2Erm)p=2 )

T his leads to ages as shown in the table below .

Table 1.HubbkAges PraFlatUniverse, Ho = 70 8,

M X to
1 0 97 1
02 (08 [153 15
03 [0:7 [13:7 14
0:35/0:65(12:9 13

T he existing lim its on the age of the universe from globular clusters are thus
already are incom patible wih a atm atter dom inated universe. T his is a very
In portant resul, as it in plies that now all three classic tests of cosm ology, In—
cliding geom etry, Jarge scale structure, and age ofthe Universe now support the
sam e coan ologicalm odel, which involres a universe dom nated by dark energy.
W e can provide lin is on the equation of state for dark energy as well. Shown
in Figure 8, is the constraint on w, assum ing a H ubble constant of 72 [L3].

At the sam e tin g, it is worth noting that unfortunately the upper lm it on
the age ofthe universe com ing from globular cluster ages cannot provide a usefiil
lin it on the equation of state param eter w , because there is an upper lm it on
the Hubbl A ge, Independent of w, if the contribution of m atter to the total
density is greater than 20% [14].

4 M atter

H aving indirectly probed the nature ofm atter in the U niverse using the previous
estin ates, it isnow tin e to tum to direct constraints that have been derived in
the past decade.



T he State of the Universe 2002 15

T T T T T T T

0.5 ]

95%
0.4} 1

0.3

Fraction of closure density in matter

0.2

1 1 1 1
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Equation of state parameter ( w = pressure/density) for dark energy

F ig.8. Constraint on the equation of state param eter for dark energy as a function of
the fraction of closure density in m atter resulting from age constraint described here.

4.1 The Baryon D ensity: a re-occuring crisis?:

T he success of B ig B ang N ucleosynthesis In predicting in the coam ic abundances
of the light elem ents hasbeen m uch heralded. N evertheless, the ner the ability
to em pirically iInfer the prim ordial abundances on the basis of observations, the
greater the ability to uncover som e sn all deviation from the predictions. O ver
the past veyears,two di erent setsofobservationshave threatened, at least n
som epeople’sm inds, to overtum the sin plest BBN m odelpredictions. Ibelieve it
is fair to say that m ost people have acospted that the rstthreatwasoverblown.
T he concems about the second have only recently subsided.

i. Prim ordial D euterium : The production of prin ordial deuteriim during
BBN is a m onotonically decreasing function of the baryon densiy simply be—
cause the greater this density the more e ciently protons and neutrons get
processed to helim , and deuterium , as an Interm ediary in this reactions set, is
thus also m ore e clently processed at the sam e tim e. The problem w ith nfer-
ring the prin ordial deuteriim abundance by using present day m easurem ents
of deuteriim abundances in the solar system , for exam ple, is that deuterium is
highly processed (ie. destroyed) in stars, and no one has a good enough m odel
for galactic chem icalevolution to work backw ards from the observed abundances
in order to adequately constrain deuterium at a levelw here this constraint could
signi cantly test BBN estim ates.

F ive years ago, the situation regarding deuteriim as a probe ofBBN changed
dram atically, when D avid Tytler and Scott Burles convincingly m easured the
deuterium fraction in high redshift hydrogen clouds that absorb light from even
higher redshift quasars. Because these clouds are at high redshift, before sig—
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ni cant star form ation has occurred, little post BBN deuterium processing is
thought to have taken place, and thus the m easured value gives a reasonable
handle on the prin ordialBBN abundance.The best m easured system [R0] yields
a deuterium to hydrogen fraction of

O=H)= 33: 05) 10° @) @)

This, In tum, leads to a contraint on the baryon fraction ofthe Universe, via
standard BBN,

sh?= 0190 0018 (2 ) (5)

w here the quoted uncertainty is dom inated by the observational uncertainty
in theD /H ratio,and whereH g = 100h.T hus, taken at face value, we now know
the baryon densiy in the universe today to an accuracy of about 10% !

W hen st quoted, this result sent shock waves through som e of the BBN
com m uniy, because this value of p isonly consistent if the prin ordial helim
fraction (oy m ass) is greater than about 24 5% . However, a num ber of previous
studieshad clain ed an upper lin twellbelow thisvalue.H owever, recent studies,
forexam ple, place an upper lim it on the prin ordialheliim fraction closerto 25% .

In any case, even if som ehow the deuterium estin ate is w rong, one can com —
bine allthe other light elem ent constraintsto produce a range for ph? consistent
w ith observation:

sh?= 016 0:025 6)

ii. CM B oonstraints: Beyond the great excitem ent over the observation of
a peak in the CM B power spectrum at an angular scale corregoonding to that
expected fora at universe Jay som e excitem ent/concem over the sm all appar—
ent size of the next peak in the spectrum , at higherm ultipole m om ent (sm aller
angular size). T he height of the rst peak in the CM B spectrum is related to a
num ber of coam ological param eters and thus cannot alone be used to constrain
any one of them . However, the relative height of the rst and second peaks is
strongly dependent on the baryon fraction ofthe universe, since the peaks them —
selves arise from com pton scattering ofphotonso  ofelectrons in the process of
becom Ing bound to baryons. Analyses of the two st smalkscale CM B resuls
originall produced a constraint which was in disagreem ent w ith the BBN esti-
m ate. H ow ever, m ore recent data indicates g h? = 0:021, precisely where one
would expect it to be based on BBN predictions.

M ost recently reported m easurem ents of °H e 1n the M iky W ay G alaxy give
the constraint, >H e=H = (1:1: 02) 10 °,which lnh tum inplies 5 h? = 0:02.
Thus, alldata isnow consistent w ith the assum ption that the Burles and T ytler
Jimit on gh? is correct, adding fiirther con dence in the predictions of BBN .
Taking the range for H ; given earlier, one derives the constraint on g of

p = 045 015 (7)
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4.2 m atter

P erhaps the second greatest change in cosn ologicalprejidice in the past decade
relates to the Inferred total abundance of m atter In the Universe. Because of
the great intellectual attraction In ation as a m echanisn to solve the so-called
Horizon and F latness problem s In the Universe, it is fair to say that m ost cos-
m ologists, and essentially all particle theorists had In plicitly assum ed that the
Universe is at, and thus that the densiy of dark m atter around galaxies and
clustersofgalaxieswassu cienttoyield = 1.0 verthepastdecade itbecame

more and more di cul to defend this view point against an increasing num ber
of observations that suggested this was not, In fact, the case In the Universe in

which we live.

T he earliest holes in this picture arose from m easurem ents of galaxy clister-
ing on large scales. T he transition from a radiation tom atterdom inated universe
at early tin es is dependent, of course, on the total abundance ofm atter. This
transition produces a characteristic signature in the spectrum ofrem nant density

uctuations observed on large scales.M aking the assum ption that dark m atter
dom inates on large scales, and m oreover that the dark m atter is cold (ie. be-
cam e non-relativisticw hen the tem perature ofthe U niverse w as less than about a
keV), tsto thetwo point correlation function ofgalaxies on large scales yielded
>22):

Mmh=2 3 8)

Unlessh was absurdly sn all, thiswould in ply that |y is substantially less
than 1.

New data from the Sloan and 2DF surveys re ne this lin i further, with
reported values of 23)24]

m =023 0:09@2DF) ©)
v h 01477 @) (Sloan) 10)

The second nail in the co n arose when observations of the evolution of
large scale structure as a function of redshift began to be m ade. Bahcall and
collaborators 29] argued strongly that evidence for any large clusters at high
redshift would argue strongly againsta at cold dark m atterdom inated universe,
because In such a universe structure continues to evolve w ith redshift up to the
present tin e on large scales, so that in order to be consistent w ith the observed
structures at low redshift, far less structure should be observed at high redshift.
Clain s were m ade that an upper Im it g 05 could be obtained by such
analyses.

A num ber of authors have questioned the system atics inherent in the early
clain s, but it is certainly clear that there appears to be m ore structure at high
redshift than one would naively expect in a at m atter dom inated universe.
Future studies ofX ray clusters, and use ofthe Sunyaev-Zeldovich e ecttom ea—
sure cluster properties should be able to yield m easurem ents which will allow a
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ne-scale distinction not just between m odels with di erent overall dark m at—
ter densities, but also m odels w ith the sam e overall value of and di erent
equations of state for the dom nant energy [24]].

O ne of the best overall constraint on the totaldensity of clustered m atter in
the universe com es from the com bination ofX -R ay m easurem entsofclustersw ith
large hydrodynam ic sin ulations. The idea is straightforward.A m easurem ent
of both the tem perature and lum nosity of the X Rays com Ing from hot gas
which dom inates the total baryon fraction in clisters can be inverted, under
the assum ption of hydrostatic equilbrium of the gas In clusters, to ocbtain the
underlying gravitational potential of these system s. In particular the ratio of
baryon to totalm ass of these system s can be derived.Em ploying the constraint
on the totalbaryon density of the Universe com ing from BBN, and assum ing
that galaxy clusters provide a good m ean estin ate of the total clustered m ass in
the Universe, one can then arrive at an allowed range for the totalm ass density
in the Universe 27)28)29]. M any of the initial system atic uncertainties n this
analysishaving to do w ith cluster m odelling have now been deal w ith by better
observations, and better sim ulations ( ie. seel30]), so that now a com bination of
BBN and clister m easurem ents yields:

v =035 01 @) 11)
Combining these resuls, one derives the constraint:

M 03 005 ) 12)

4.3 Equation of State ofD om inant Energy:

The above estim ate for y brings the discussion of coan ologicalparam eters fi1ll
circle, w th consistency obtained fora at 13 billion year old universe , but not
one dom inated by m atter. A s noted previously, a coan ological constant dom i-
nated universewih y = 03 hasan agewhich nicely tsin the best- t range.
H ow ever, based on the data discussed thus far, there w as no direct evidence that
the dark energy necessary to result n a at universe actually has the equation
of state appropriate for a vacuum energy. D irect m otivation for the possibility
that the dom inant energy driving the expansion of the Universe violates the
Strong Energy Condition actually cam e som ewhat earlier, in 1998, from two
di erent sets of observations of distant T ype la Supemovae. In m easuring the
distance-redshift relation [311)32] these groups both cam e to the sam e, surpris—
Ing conclusion: the expansion of the Universe seem s to be accelerating! This is
only possble if the dom inant energy is "coam ologicalconstant-like", nam ely if
"' < 05 (recallthat ! = 1 fora cosn ological constant).

In order to try and detem ine if the dom inant dark energy does in fact di er
signi cantly from a static vacuum energy| as for exam ple m ay occur if som e
background eld that isdynam ically evolving isdom inating the expansion energy
at them om ent| one can hope to search for deviations from the distanceredshift
relation fora cosm ologicalconstant-dom inated universe.T o date, none have been
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observed. In fact, existing m easurem ents already put a m odeldependent) lim it

of approxim ately 1:7 ! 0:7 [33]. Recent work [34] suggests that the
best onem ight be abl to do from the ground using SN m easurem ents would be
to In prove this lim i to ! 0:{7. E tther other m easurem ents, such as galaxy

clister evolution observations, or spacebased SN observationswould be required
to further tighten the constraint.

5 Conclusions: A Cosgn ic Uncertainty P rinciple

I list the overall constraints on coam ologicalparam eters discussed in this review
in the table below . It is worth stressing how com pletely rem arkable the present
situation is. A fter 20 years, we now have the rst direct evidence that the Uni-
versem ight be at,butwealso havede nitive evidence that there is not enough
m atter, Including dark m atter, to m ake it so. W e seem to be forced to acospt
the possbility that som e weird form of dark energy is the dom nant stu  in the
Universe. It is fair to say that this situation ism ore m ysterious, and thusm ore
exciting, than anyone had a right to expect it to be.

Table 2. Coan ological P aram eters 2001

P aram eter|A llow ed range|Formm alConf. Level (where approp.)
Ho 70 5 2
to 137, 2
s h? 02 004 2
B 0:045 0015 2
M 03 011 2
ToT 103 0:1 2
X 07 01 2
! 0:7 2

The new situation changes everything about the way we think about cosm ol
ogy.In the rstplace, it dem onstrates that G eom etry and D estiny are no longer
linked. P reviously, the holy grail of coam ology involved determ Ining the densiy
param eter , because this was tantam ount to detem ining the ultin ate future
of our universe.Now, once we accept the possbility of a non—zero cosm ological
constant, we m ust also acoept the fact that any universe, open, closed, or at,
can either expand forever, or reverse the present expansion and end in a big
crunch [33].But wai, i getsworse, asmy colleague M ichael Tumer and I have
also dem onstrated, there is no set of coam ologicalm easurem ents, no m atter how
precise, that will allow us to determm ine the ultim ate future of the Universe. In
order to do so, we would require a theory of everything.

On the other hand, if our universe is In fact dom inated by a cosn ological
constant, the future for life is rather bleak [36]. D istant galaxies w ill soon blink
out of sight, and the Universe w ill becom e cold and dark, and uninhabiable....
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Thisblak picture m ay seem depressing, but the ip side of all the above is
that we live In exciting tin es now , when m ysteries abound.W e should enpy our
briefm om ent in the Sun.
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