REVIEW: COSMOLOGY

The Cosmic Triangle: Revealing the State

of the Universe

Neta A. Bahcall,’* Jeremiah P. Ostriker,” Saul Perlmutter, Paul J. Steinhardt?®

The cosmic triangle is introduced as a way of representing the past, present, and
future status of the universe. Our current location within the cosmic triangle is
determined by the answers to three questions: How much matter is in the universe?
Is the expansion rate slowing down or speeding up? And, is the universe flat? A review
of recent observations suggests a universe that is lightweight (matter density about
one-third the critical value), is accelerating, and is flat. The acceleration implies the
existence of cosmic dark energy that overcomes the gravitational self-attraction of
matter and causes the expansion to speed up.

s the next millennium approaches,
Anovel technologies are opening new
windows on the universe. Whereas
previously we relied primarily on fossil evi-
dence found in the local neighborhood of our
galaxy to infer the history of the universe,
now we can directly see the evolution of the
universe over the past 15 billion years, ex-
tending as far back as a few 100,000 years
after the Big Bang. Thus far, the picture of
the past history of the cosmos has altered
only slightly; the observations described in
this review are consistent with the standard
Big Bang model of the expansion of the
universe from a hot dense gas, the synthesis
of the elements in the first few minutes, and
the growth of structure through the gravita-
tional amplification of small initial inhomo-
geneities. However, the expectation for the
future has been dramatically revised. On the
basis of the conventional assumption that the
universe contains only matter and radia-
tion—the forms of energy we can readily
detect—the expectation for the future had
been that the expansion rate of the universe
would slow continuously because of the
gravitational self-attraction of matter. The
major issue seemed to be whether the uni-
verse would expand forever or ultimately
recollapse to a big crunch. Now, the evi-
dence described below is forcing us to con-
sider the possibility that some cosmic dark
energy exists that opposes the self-attrac-
tion of matter and causes the expansion of
the universe to accelerate.
Since the discovery of cosmic expansion
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by Hubble (/) in the 1920s, the standard
assumption had been that all energy in the
universe is in the form of radiation and ordi-
nary matter (electrons, protons, neutrons, and
neutrinos, with mass counting as energy at
the rate £ = mc?). Over the next several
decades, though, theory concerning the sta-
bility of galaxies (2), observations of the
motion of galaxies in clusters (3, 4), and
observations of the motion of stars and gas
surrounding galaxies (5, 6) indicated that
most of the mass in the universe is dark and
does not emit or absorb light (7, 8). In the
1980s, the proposal of dark matter found
resonance in the inflationary universe scenar-
io (9-12), a theory of the first 1073° s de-
signed to address several questions left unan-
swered by the Big Bang model: Why is the
universe so homogeneous and isotropic?
Why is the curvature of space so insignifi-
cant? And, where did the initial inhomogene-
ities that give rise to the formation of struc-
ture come from (/3-16)? The standard infla-
tionary theory predicts that the universe is
spatially flat; according to Einstein’s theory
of general relativity, this fixes the total ener-
gy density of the universe to equal precisely
the critical value, p_ = 3H,>/87G ~ 107*° g
cm™3, where H,, is the current value of the
Hubble parameter and G is Newton’s gravi-
tational constant (see Eq. 1). Measurements
show that ordinary matter and radiation ac-
count for <10% of the predicted value (17—
19). Inflation thus seemed to call for dark
matter. The observational evidence for dark
matter continued to grow, and particle phys-
icists proposed various hypothetical particles,
motivated by supersymmetry and unified the-
ories, that could reasonably explain the dark
matter. The new consensus model became the
cold dark matter picture that predicts that the
universe contains primarily cold, nonbary-
onic dark matter (20-22). Although the total
mass density identified by observations still

fell short of the critical value (7, 8, 23, 24),
many cosmologists adopted the critical den-
sity model as a working hypothesis, trusting
that something would fill the gap.

The past few years have seen signs of
another shake-up of the standard model (25—
27). First, improved observations confirmed
that the total mass density is probably less
than half of the critical density (28—30). At
the same time, combined measurements of
the cosmic microwave background (CMB)
temperature fluctuations and the distribution
of galaxies on large scales indicated that the
universe may be flat (26), consistent with the
standard inflationary prediction. The only
way to have a low mass density and a flat
universe, as expected from the inflationary
theory, is if an additional, nonluminous,
“dark” energy component dominates the uni-
verse today. The dark energy would have to
resist gravitational collapse or else it would
already have been detected as part of the
clustered energy in the halos of galaxies. But,
as long as most of the energy of the universe
resists gravitational collapse, it is impossible
for structure in the universe to form. The
dilemma can be resolved if the hypothetical
dark energy was negligible in the past and
then over time became the dominant energy
in the universe. According to general relativ-
ity (31), this requires that the dark energy
have a remarkable feature: negative pressure.
This argument (26) would rule out almost all
of the usual suspects, such as cold dark mat-
ter, neutrinos, radiation, and kinetic energy,
because they have zero or positive pressure.
With the recent measurements of distant
exploding stars, supernovae (SNe), the ex-
istence of negative-pressure dark energy
has begun to gain broader consideration.
Using type Ia SNe as standard candles to
gauge the expansion of the universe, ob-
servers have found evidence that the uni-
verse is accelerating (32, 33). A dark ener-
gy with substantial negative pressure (26,
34) will cause the expansion of the uni-
verse to speed up, so the SNe observations
provide empirical evidence of a dark ener-
gy with negative pressure (32, 35-37).

The news has brought the return of the
cosmological constant, first introduced by
Einstein for the purpose of allowing a static
universe, with the repulsive cosmological
constant delicately balancing the gravitation-
al attraction of matter (38). In its present
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incarnation, the cosmological constant is out
of balance, causing the expansion of the uni-
verse to accelerate. It can be viewed as a
vacuum energy assigned to empty space it-
self, a form of energy with negative pressure.
Cosmologists are familiar with other hypo-
thetical forms of dark energy with negative
pressure that can accelerate the universe.
In inflationary cosmology, acceleration is
caused by a cosmic field (similar to an electric
field in the sense that it pervades space and
assigns a field value and energy to each point in
it) whose kinetic energy is much less than its
potential energy (10, 11). A different field, with
much lower energy, coined “quintessence”
(39), could account for the acceleration suggest-
ed to be observed today. Unlike a cosmological
constant, quintessence energy changes with
time and naturally develops inhomogeneities
that can produce variations in the distribution of
mass and the CMB temperature observed today
(39, 40).

The Cosmic Triangle
According to Einstein’s theory of general
relativity, the evolution of the universe is
determined by the forms of energy it contains
and the curvature of space. Einstein’s equa-
tions can be reduced to a simple form known
as the Friedmann equation
, 8mG k
H'=——p - = )
On the left-hand side is the Hubble parameter
H = H(f), which measures the expansion rate of

a

Fig. 1 (left). The Cos-
mic Triangle. This trian-
gle represents the three
key cosmological pa-
rameters (), Q,, and
€},), where each point in
the triangle satisfies the
sumrule Q + Q, +
Q =1 The horizontal
line (marked “FLAT")
corresponds to a flat
universe () + Q,

1), separating an open
universe from a cosed
one. The red line, nearly
along the A = 0 line,
separates a universe that
will expand forever (ap-
proximately Q, > 0)

SCIENCE'S COMPASS

the universe as a function of time. The current
value, H,, is 65 = 10 km s™' Mpc™', where 1
Mpc is 3.26 X 10° light-years (4/-43). The
right-hand side contains the factors that deter-
mine the expansion rate. The first factor is the
energy density p (multiplied by Newton’s grav-
itational constant G). The energy density p =
p(f) can have several different subcomponents:
a mass density associated with ordinary and
dark matter, the kinetic energy of the particles
and radiation, the energy associated with fields
(such as quintessence), and the vacuum energy
density or, equivalently, the cosmological con-
stant. The second term on the right-hand side
describes the effect of curvature of space on the
expansion of the universe. The curvature con-
stant k can be positive, negative, or zero. The
parameter @ = a(f), known as the scale factor,
measures how much the universe stretches
as a function of time. It can be thought of as
being proportional to the average distance
between galaxies. As the universe stretch-
es, the curvature is diminished, as indicated
in Eq. 1. The terms “closed,” “open,” and
“flat” refer, by definition, to the cases of
positive, negative, and zero curvature, re-
spectively. It has been common to use the
same terms to describe whether the universe
will ultimately recollapse, expand forever, or lie
on the border between expansion and recol-
lapse. This second use does not necessarily
apply if there is vacuum density or quintes-
sence, a point which often causes confusion.
For example, if there is vacuum energy, it is
possible to have a universe that is closed (pos-

from one that will

eventually recollapse 20

itive curvature) but expands forever because the
acceleration due to the cosmological constant
overcomes the curvature effect (44), which
would otherwise bring the expansion to a halt
and then recollapse.

For simplicity, we will consider a uni-
verse that is currently composed of baryonic
(ordinary) and dark (exotic) matter, curva-
ture, and vacuum energy (that is, a cosmo-
logical constant A). The fractional contribu-
tions to the right-hand side of the Friedmann
equation, which depend on the relative values
of the matter density, vacuum energy density
P> and curvature, are given the symbols £} |
= 87Gp,oue/GH?), O, = 87Gp,/(3H?) =
AN(3H?), and Q, = —k/(aH)?, respectively
(45). Dividing both sides of Eq. 1 by H?
yields a simple sum rule

1 =Q, + Q+Q, (2)

For any other energy component, such as
quintessence, a term QQ would be added to
the right-hand side of Eq. 2. The sum rule can
be represented by an equilateral triangle (Fig.
1). Lines of constant Q_, £),, and 1, run
parallel to each of the edges of the equilateral
triangle. Every point lies at an intersection of
lines of constant (_, (},, and €1 ,, such that
the sum rule is satisfied. Although () _ is
nonnegative, the curvature and cosmological
constant can be positive or negative.
Inflationary theory (9-12) proposes that
the universe underwent a brief epoch of ex-
traordinary expansion during the first 1073° s
after the Big Bang, which ironed out the

CLOSED

(approximately 2, < /
0). And the yellow, 0.0
nearly vertical line sep-
arates a universe with

an expansion rate that is currently decelerating from one that is accelerating.
The locations of three key models are highlighted: SCDM, dominated by
matter (Q = 1) and no curvature or cosmological constant; flat (ACDM)
=1/3,Q,= 2/3,and Q, = 0; and OCDM, with Q_
0, and 5 =2/3. (The variant t|lted TCDM model is identical in its posntlon
Fig. 2 (right). The Cosmic Triangle Observed. This triangle
represents current observational constraints. The tightest constraints from
measurements at low redshift (clusters, including the mass-to-light method,

with O

to SCDM))

=1/3Q,

baryon fraction, and cluster abundance evolution), intermediate redshift
(SNe), and high redshift (CMB) are shown by the three color bands (each
representing 1o uncertainties). Other tests that we discuss are consistent
with but less constraining than the constraints illustrated here. The cluster
constraints indicate a low-density universe, the SNe constraints indicate an
accelerating universe, and the CMB measurements indicate a flat universe.
The three independent bands intersect at a flat model with () ~
Q,, = 2/3; the model contains a cosmological constant or other dark energy.

1/3 and
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curvature, setting £}, = 0. If the curvature is
zero, that is, the universe is flat, then the sum
rule reduces to Q0 + O, = 1 (Fig. 1, “FLAT”
line). The yellow line in Fig. 1 indicates the
division between models in which the universe
expansion is currently decelerating versus mod-
els in which it is accelerating. The competition
between the decelerating effect of the mass
density and the accelerating effect of the vacu-
um energy density can be understood from
Einstein’s equation for the stretching of the
scale factor «a(t)

¢ = ———1(p + 3pla (3)
where p is the pressure associated with what-
ever energy is contained within the universe.
If the universe contains ordinary matter and
radiation, then p + 3p is positive, and the
expansion decelerates (4 < 0). However, ex-
otic components like vacuum energy and
quintessence (39, 40) have sufficient negative
pressure to make p + 3p negative, inducing
cosmic acceleration.

Finally, models of special interest have been
highlighted in Fig. 1; they form a nearly equi-
lateral triangle of their own. The standard cold
dark matter model (SCDM), the simplest pos-
sibility, has ), = 1 and no curvature or vac-
uum component. The model assumes a “scale-
invariant” spectrum of initial density fluctua-
tions, a spectrum in which the magnitude of the
inhomogerneity is the same on all length scales,
as predicted by standard inflationary cosmology
(13—16). A model that better fits observations
and retains the simple condition of | = 1 is
the tilted cold dark matter model (TCDM), in
which the fluctuation spectrum is tilted so that
the average inhomogeneity increases with the
length scale, unlike the standard inflationary
prediction. The open cold dark matter model
(OCDM) has low mass density and no vacuum
component; the best fit version has a mixture of
one-third matter density and two-thirds curva-
ture (but no vacuum energy) with a spectrum
that is tilted the opposite way from the TCDM
model (the inhomogeneity decreases as the
length scale increases). As an example of a dark
energy plus cold dark matter model (ACDM), a
current “best estimate” model, we will consider
a mixture of two-thirds vacuum density (or A)
and one-third matter density (but no curvature)
and the standard untilted spectrum predicted by
inflationary theory. The parameters for each of
the four models (Table 1) were chosen to fit
each type of model to the current observational
constraints discussed below. All the models
(and our analysis) assume the standard infla-
tionary prediction that the density fluctuations
are Gaussian and adiabatic (that is, matter and
radiation fluctuate spatially in the same man-
ner) (/3-16), which agree with current obser-
vations. The age of the universe (Table 1, Age)
is consistent with the most recent estimates of
the ages of the oldest stars (46, 47).
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The models may be distinguished obser-
vationally by answering three fundamental
questions: Is there enough matter to close
(flatten) the universe? Is the expansion rate
accelerating, providing evidence for a new
dark energy? And, is the universe curved? In
the next sections, we describe a series of
independent tests aimed at addressing these
three questions. The best constraint for each
question is represented as a strip in the plot in
Fig. 2. Together, these constraints determine
our location in the cosmic triangle plot and,
thereby, the past and future evolution of the
universe.

Is There Enough Mass to Close the
Universe?

The possibility of a low-mass-density uni-
verse ({1 << 1) has gained support for over a
decade (7, 8, 23, 24, 26, 28--30). The deter-
mination of the universe’s mass density is
currently the best studied of the three cosmo-
logical parameters and is supported by a
number of independent measurements. Al-
though each observation has its strengths,
weaknesses, and assumptions, they all indi-
cate that 3 < 1.

Mass-to-light method. One of the oldest
and simplest techniques for estimating the
total mass of the universe entails a two-step
process: first, determine the average ratio of
the mass to the emitted light of the largest
systems possible; then, multiply this ratio by
the total measured luminosity density of the
universe. This totals up all the mass associ-
ated with light to the largest scales. Rich
clusters of galaxies are the largest (1 to 2 Mpc
in radius) and most massive (2 X 10'* to
10 X 10'* solar masses within 1 Mpc) bound
systems known for which mass has been
reliably measured. Cluster mass can be in-
ferred from three independent methods: the
galaxy motion within the cluster, the temper-
ature of the hot intracluster gas, and the grav-
itational lensing by the cluster mass (the dis-
tortion of background galaxies’ images by the
cluster’s gravitational potential). There is
agreement among these independent estima-
tors. The mean cluster mass-to-light ratio
(M/L), about 200 = 70 times the M/L for the
sun, indicates that there is a great deal of dark
matter within clusters (28, 29). Nevertheless,

even if we assume that all light in the uni-
verse is emitted from objects that have as
much mass per unit of light as clusters, the
total mass would not be sufficient to close the
universe. Multiplying M/L by the observed
luminosity density, one obtains £, = 0.2 =
0.1 (7, 28, 29). Recent studies of the depen-
dence of M/L on scale indicate that M/L is
nearly constant on large scales ranging up to
supercluster size (10 Mpc), suggesting that
no additional dark matter is tucked away on
large scales (28, 46).

Baryon fraction method. An independent
method of estimating the mass of the uni-
verse, also based on rich clusters, entails
measuring the ratio of the baryonic to total
mass in clusters (49, 50). Because clusters
form through gravitational collapse, they
scoop up the mass over a large volune of
space so that the ratio of baryons to total
matter in the collapsed cluster should be rep-
resentative of the cosmic average to within
20% (51, 52). The Big Bang model of pri-
mordial nucleosynthesis constrains the
baryon density to be ), = 0.045 = 0.0025
(based on the cosmic abundance of helium
and deuterium and using H, = 65 km s7!
Mpc™) (17-19). Thus, if one can measure the
average baryon ratio in the universe, /) ,
it can be used with the known €, to deter-
mine (). A cluster’s baryon ratio can be
determined from the baryonic mass in the
cluster [obtained by measuring the x-ray
emission from the hot intracluster gas and
adding the mass of the stars (49, 53)] divided
by the total cluster mass. The baryon ratio is
found to be Q,/Q =~ 0.15, much larger than
the 0.045 value expected if ) = 1 (49-52).
The observed ratio corresponds to a mass
density of = 0.3 * 0.1. If some baryons
are ejected from the cluster during gravita-
tional collapse, as suggested by cosmological
simulations (57, 52), or if some baryons are -
bound in nonluminous objects such as rocks
or planetary-sized objects, then the actual
value of £} is lower than this estimate.

Cluster abundance and its evolution. Anoth-
er feature of rich clusters that constrains (), | is
the number density of clusters as a function of
cosmic time (or redshift) (30, 54-58). Rich
clusters are the most recently formed gravita-
tionally bound objects in the universe. The ob-

Table 1. The basic parameters for the four cold dark matter (CDM) models considered in this paper. £2_,
Q,, and Q, are the ratio of the mass, vacuum energy, and curvature to the critical density. H, is the
Hubble parameter (in km s~ Mpc™ ). The tilt measures how the amplitude of the inhomogeneity in
initial density perturbations changes with length scale; tilt equal to unity means that the amplitude is
scale invariant, which is the inflationary prediction. The age of the universe is in 10° years. ACDM is in

best agreement with current observations (Fig. 2).

Model Q. Q, Q, H, Tilt Age
Cosmological const. {ACDM) /3 2/3 0 65 1 14.1
Open (OCDM) 1/3 0 2/3 65 13 12.0
Standard (SCDM) 1 0 0 50 1 13.0
Tilted (TCDM) 1 0 0 50 0.7 13.0
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served present-day (z =~ 0) cluster abundance.
provides a constraint on the normalization of
the power spectrum of density fluctuations—
the seeds that created the clusters—on the rel-
evant cluster scales (24, 54, 59). The ACDM
and OCDM models are consistent with the
observed cluster abundance at z =~ 0. SCDM,
however, when normalized to match the ob-
served fluctuations in the CMB, produces too
many clusters at all redshifts (Fig. 3) (24, 55,
59, 60). The TCDM model preserves £} = 1
and more nearly fits the present-day cluster
abundance (Figs. 3 and 4).

The evolution of cluster abundance with
redshift breaks the z =~ 0 degeneracy among the
models (30, 54-56). The _ < 1 models
(ACDM and OCDM) predict relatively little
change in the number density of rich clusters as
a function of redshift because, due to the low
matter density, hardly any structure growth has
occurred since z = 1. For the Q= 1 TCDM
model, structure has been growing steadily, and
rich clusters could only have formed recently;
the number density of rich clusters at z = 0.5 to
1 is predicted to be exponentially smaller than
today. The observation of even one massive
cluster at a high redshift (z > 0.6) suffices to
rule out the = 1 model. In fact, three
clusters have been observed already (Fig. 3),
suggesting a low-density universe, 6 =

Fig. 3. The evolution of cluster abun-
dance as a function of redshift is com-
pared with observations for massive
clusters (>10"® solar masses within a
radius of 2 Mpc, assuming H, = 65 km
s77 Mpc™") (30). Only the ACDM and
OCDM fit well the observed cluster
abundance at z =~ O (see also Fig. 4),
although the TCDM fits much better
than the SCDM model. All four models
are normalized to the CMB fluctuations
on large scales. The observational data
points (30) (with 1o and 20 error bars)
show only a slow evolution in the clus-
ter abundance, consistent with low-Q
models and inconsistent with ) = 1.

Abundance of massive clusters
(clusters per [Mpc/h]3)

Fig. 4. The mass power spectrum rep-
resents the degree of inhomogeneity in
the mass distribution as a function of
wave number k. [The wave number is
inversely proportional to the length
scale; small scales are to the right (large
k values), and large scales are to the left
(small k values).]| COBE measurements
of the CMB anisotropy (shaded areas on
the left) and measurements of cluster
abundance at z ~ 0 (boxes on the right)
impose different quantitative con-
straints for each model; the constraints
have been color-coded to indicate the
model to which they apply. All curves
are normalized to the CMB fluctuations
on large scales (that is, curves are
forced to pass through the COBE areas

P(k) ((Mpc/h]®)
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0.25*51° (107 (30). A caveat for this method is
that it assumes that the initial spectrum of den-
sity perturbations is Gaussian, as predicted by
inflation, which has not yet been confirmed
observationally [but, see (61)] on the cluster
scales.

Mass power spectrum. The mass power
spectrum (Fig. 4) measures the degree of
inhomogeneity in the universe’s mass distri-
bution on different distance scales. Beginning
from a cosmological model, the mass power
spectrum depends on the initial spectrum of
inhomogeneities (for example, the stretched-
out quantum fluctuations predicted by infla-
tion), the recent creation of new perturba-
tions, and how those inhomogeneities have
evolved over time (which depends on the
cosmological parameters). Existing measure-
ments of the present-day abundance of galaxy
clusters constrain the mass inhomogeneity on
the smallest scale for which the power spec-
trum can be reliably interpreted (~10 Mpc).
Observations of temperature fluctuations in
the CMB across the sky, as measured by the
Cosmic Background Explorer (COBE) satel-
lite (62), constrain both the amplitude and
shape of the spectrum on the largest observ-
able scales (~1000 Mpc).

Galaxy surveys are beginning to probe
intermediate scales, from 10 to 1000 Mpc

0 0.5 1.0
Redshift

102 £

101 £

P |

Cluster || |
abundance

\
\

100
103

1071

ool

102

10°
k (h/Mpc)

on the left). The COBE-normalized SCDM model significantly overshoots the cluster constraint
(green box on the right). The data points with open circles and 1¢ error bars represent the APM
galaxy redshift survey (63); if one assumes bias, then this set of points can be shifted downward
to match the model, but the shape of the spectrum suggested by the data is unchanged.

(Fig. 4) (63, 64). The theoretical model pre-
dicts the distribution of all the mass, whereas
observations of galaxies reflect the luminous
baryonic matter only. If the luminous matter
follows the total mass, the mass distribution
is said to be “unbiased.” Otherwise, the ratio
of overdensity in luminous matter to that in
the total mass is termed the “bias.” On small
scales, the bias may vary with distance scale
and local environment. These complications
can be avoided by focusing on measurements
of the power spectrum on large scales [>10
Mpc (Fig. 4)], where the inhomogeneities are
small and the bias is expected to be small (65,
66). Although current galaxy measurements
are inconclusive, especially given uncertainty
in the bias, future surveys, such as the Sloan
Digital Sky Survey (64), are poised to test the
shape of the spectrum on intermediate scales.

Inflation predicts the shape of each spec-
trum (/3-16), but it does not predict its nor-
malization (that is, amplitude). The normal-
ization is determined from observations,
mainly the observed cluster abundance (on
10-Mpc scales) and the CMB fluctuations (on
1000-Mpc scales). The 2, = 1 SCDM mod-
el, normalized to the CMB fluctuations on
large scales, is inconsistent with the cluster
abundance [predicting over 10 times more
clusters than observed (Fig. 3)]. SCDM is
thus inconsistent with observations (24, 26,
30, 54, 57, 59, 60). The model can be forced
to approximately agree with the cluster abun-
dance on small scales and the CMB fluctua-
tions on large scales by tilting the power
spectrum (by ~30%) from its standard shape.
This tilted variant of the SCDM model,
TCDM, is thus nearly consistent with both
constraints. The power spectra of the ACDM
and OCDM models can be normalized so that
they agree with the CMB and cluster obser-
vations (with a 30% tilt needed for OCDM).
Future observations, on all scales, will greatly
improve the power spectrum constraints. This
will allow a measurement of €)_ from the
shape of the spectrum; currently, this mea-
surement suggests a low value of {)_, but
with large uncertainty.

Overall estimate of (1. Other methods,
such as statistics of gravitational lensing,
large-scale velocities (67), and measurements
of the CMB anisotropy, place additional con-
straints on {)_ in combination with other
parameters and assumptions; although less
constraining, these also suggest a low-mass
density (36, 37). The net result is represented
by the “clusters” band (lo) in the cosmic
triangle of Fig. 2. It is remarkable that a
single value of (), () = 1/3, is consistent
with so many diverse observations.

Is the Universe's Expansion
Accelerating?

Changes in the cosmic expansion rate can be
studied with the observed brightness-redshift
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relation. A set of standard candles (objects of
known luminosity) spread throughout the
universe is used to determine the relation
between distance and redshift. The distance
d, is determined by comparing the known
luminosity L to the flux observed at Earth £, _
and invoking the inverse-square law (f,,. =
L/4wd,?). By studying standard candles at
different observed fluxes, we study objects
whose light was emitted at different cosmic
times. The redshift z of the object measures
the expansion of the universe since that time.

For relatively nearby standard candles, the
distance 4, is a simple linear function of
redshift, as given by the Hubble relation of
the expanding universe, Hd, = cz, where ¢
is the speed of light. However, the linear
relation is only an approximation. If we study
standard candles that are farther away, the
nonlinearities in the d, -z relation become im-
portant because the universe’s expansion may
be decelerating or accelerating. The results
are most sensitive to the difference between
Q,, (which decelerates the expansion) and
Q, (which accelerates the expansion) and are
rather insensitive to the curvature ().

Type Ia SNe are currently the best candi-
dates for standard candles. They have the
advantage of being bright and can be seen at
cosmic distances. As a class, type Ia SNe are
not all identically luminous, but examination
of nearby SNe indicates that they may be
converted into reliable distance indicators by
calibrating them according to the time scale
of their brightening and fading (68, 69). Two
efforts are under way to collect data on the
redshift, luminosity, and light curves of dis-
tant SNe: the Supernova Cosmology Project
(SCP) (32, 69, 70) and the High-Z Supernova
Search (HZS) (33, 71, 72). Observations and
analyses of ~50 type Ia SNe atz = 0.3t0 0.9
have been published and calibrated with a
comparable number of nearby SNe (73, 74) at
z=<0.1.

The results of the two studies show that
the distant SNe are fainter and thus more
distant than expected for a decelerating uni-
verse (Fig. 5). It appears that the expansion
rate is accelerating, indicating the existence
of dark energy with negative pressure, such
as £),. The best fit results (Fig. 2) can be
approximated by the linear combination
0.8Q2,, - 0.60),= -0.2 = 0.1 (10) (32, 75).
For a flat universe (2, + 1, = 1), the best
fit values are approximately {} = 0.25 *
0.1 and Q, = 0.75 = 0.1 (1o) for the com-
bined results of the SCP team (32) and the
two analyses of the HZS team (33). These
values are in excellent agreement with the
Q_, results discussed in the previous section.
In particular, all flat Q= 1 models, which
are identical in their d,-z predictions, are
formally ruled out at the 8¢ level.

The caveats for this test are possible un-
certainties in the cross comparison of the near
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and distant SNe. Distant SNe are calibrated
with nearby SNe, assuming that the light-
curve time scale accounts for any relevant
evolution of type Ia SNe. Although known
evolutionary and dust obscuration effects
have been taken into account, there remains
the concern that there are additional evolu-
tionary or dust effects at large redshift that
have not been noted before; this is being
investigated with observations of distant and
nearby SNe. The current results suggest that
the expansion of the universe is accelerating,
indicating the existence of a cosmological
constant or dark energy.

Gravitational lensing due to accumula-
tions of matter along the line of sight to
distant light sources provides another poten-
tially sensitive measure of our position in the
cosmic triangle. These measures can be used
in two ways. The first method uses the abun-
dance of multiply imaged sources such as
quasars, lensed by intervening galaxies (76—
79). The probability of finding lensed images
is directly proportional to the number of gal-
axies (lenses) along the path and thus to the
distance in light-years to the source. This
distance (for fixed H,) increases dramatically
for a large value of A. The age of the universe
and the distance to the galaxy become large
in the presence of {}, because the universe
has been expanding for a longer time (com-
pared with an | = 1 case); therefore, more
lenses are predicted if (1, > 0. With this
method, an upper limit of {3, < 0.75 (95%
confidence limit) has been obtained (76-79),
marginally consistent with the SNe results.

Fig. 5. Supernovae as

The caveats of this method include its sensi-
tivity to uncertainties in the number density
and lensing cross section of the lensing gal-
axies and the number density of distant faint
quasars. A second method is lensing by mas-
sive clusters of galaxies (80, 81). Such lens-
ing produces widely separated lensed images
of quasars and distorted images of back-
ground galaxies. The observed statistics of
this lensing, when compared with numerical
simulations, rule out the _ = 1 models (80,
81) and set an upper bound of Q, < 0.7 (81).
The limit is sensitive to the resolution of the
numerical simulations, which are currently
improving.

Is the Universe Curved?

The curvature of the universe can be mea-
sured from the highest redshift cosmological
test—the CMB. The CMB power spectrum
provides a measure of the inhomogeneity in
matter and energy at z = 1000, corresponding
to a few 100,000 years after the Big Bang.
The power spectrum is the root-mean-square
fluctuation in the CMB temperature (the tem-
perature “anisotropy”) as a function of the
angular scale expressed as an integer multi-
pole moment /. A given / value corresponds
roughly to an angle of 7/l radians. Each
cosmological model produces a distinguish-
able CMB temperature anisotropy fingerprint
(82, 83). On large angular scales (small /
values), the CMB spectrum probes inhomo-
geneities that span distances so large (~1000
Mpc) that neither light nor any other interac-
tion has had time to traverse or modify them.
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pull exerted by Q_, = 1 models (such as TCDM or SCDM), decelerates the expansion rate of the
universe and produces an apparent “brightening” of high-redshift type la SNe, whereas the effect
of a cosmological constant accelerating the expansion rate (as in ACDM) is seen as a relative
“dimming” of the distant type la SNe caused by their larger distances. The plot on the lower right
shows a close-up view of the expected deviations between the models as a function of redshift. The
background color (and shading of the data points} indicates the region for which the universe’s
expansion would accelerate (yellow) or decelerate (red) for £ =~ 0.2. (Higher values of Q_ would
extend the yellow accelerating-universe region farther down on this plot.} Similar results were
found by the HZS team (33). The results provide evidence for an accelerating expansion rate.
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These inhomogeneities are a direct reflection of
the initial spectrum (for example, as created by
inflation). If the models predict an untilted or a
tilted spectrum, then the CMB anisotropy spec-
trum has a plateau that is flat or tilted, respec-
tively. On small angular scales (<1° or / >
200), the anisotropy spectrum has peaks and
valleys created by the small-scale inhomogene-
ities; on these scales, there has been sufficient
time for light to traverse them and for the matter
to respond gravitationally to the density fluctu-
ation. The hot gas of baryons and radiation
begin a series of acoustic oscillations in which
matter and radiation are drawn by gravity into
regions of high density and then rebound be-
cause of the finite pressure of the gas. On scales
corresponding to the “sound horizon” (the max-
imum distance that pressure waves can travel
from the beginning of the universe up to the
time the CMB is emitted), the mass has had
time to undergo maximum collapse around the
dense regions so as to produce maximum an-
isotropy but has not had time to rebound.
Hence, a peak in the power spectrum is antici-
pated on the angular scale corresponding to the
sound horizon, and this should be the peak with
the largest angular scale (smallest / value). An
interesting feature is that the physical length
corresponding to the sound horizon is relatively
insensitive to the cosmological model. The an-
gular scale that it subtends on the sky depends
on the overall curvature of space; the curvature
distorts the path of light so that the sound
horizon appears bigger or smaller on the sky,
depending on whether the curvature is positive
or negative. If the universe is flat, the sound
horizon subtends ~1° on the sky (resulting in a
power spectrum peak near / =~ 200), whereas
the angular size is smaller in a curved open
model [resulting in a peak near / ~ 200/(Q), +
Q)" (89).

The CMB anisotropy was detected by the
COBE satellite in 1992 (85), followed by a
series of ground- and balloon-based experi-
ments (86—91). Here, we have selected pub-
lished experiments that measure at several
frequencies (to eliminate foreground sources)
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and that have been cross-correlated with oth-
er measurements (Fig. 6). In the next few
years, there will be a sequence of ground- and
balloon-based experiments culminating in the
NASA Microwave Anisotropy Probe and the
ESA PLANCK satellite missions, which will
produce all-sky temperature maps with a res-
olution of a few arc minutes. These improved
maps will do much more than measure the
position of the first acoustic peak and, there-
by, the curvature; by measuring the detailed
shape of the plateau and a sequence of peaks
with very high precision, they will confirm
-(or refute) the basic underlying cosmological
scenario and, if confirmed, will help to deter-
mine additional cosmological parameters,
suchas Q_, Q,, Q,, H,, and others (92, 93).
The best fit parameter region derived from
the current CMB results (Fig. 2) is consistent
with a flat universe, although the uncertainty
is large. This analysis assumes that the initial
fluctuations are adiabatic, as predicted by the
standard inflationary theory and as assumed
in our four models. If they are not, this will be
apparent from future CMB observations, and
a different means can be used to extract the
curvature from CMB data.

If the universe is flat and the matter den-
sity is less than the critical density, then there
must be some form of nonclustering dark
energy. In that case, as discussed in the in-
troduction, the only way to form the observed
large-scale structure is if its pressure is neg-
ative, which guarantees that its density was
negligible in the past when structure formed.
This conclusion is consistent with the evi-
dence suggesting that the universe is acceler-
ating, which can only occur with a substantial
negative pressure component.

The Cosmic Triangle: Past, Present,
and Future

The current state of the universe can be sur-
mised from the answers to the three questions
posed above. The most precise measurements
of the mass (using clusters), the acceleration
(using SNe), and the curvature (using the CMB)
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! Fig. 6. The CMB temperature anisotropy
1 is presented as a function of angular
scale. The multipole [ corresponds
roughly to an angular scale of ©/l radi-
ans. Flat models (©,, + Q, =1) pro-
duce an acoustic peak at { = 200
(about 1° on the sky). Open models
have a peak that is shifted to smaller
scales (larger [ values). (The height of
the peak depends on additional param-
eters, including Q) _, Q,, Q,, H,, and tilt;
here, we use the model values from
Table 1.) The observational data points
(with 1o error bars) include the COBE
1 measurements on large scales (small {
values) and other published, multifre-
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quency ground- and balloon-based ob-
servations [QMAP (86), PY (87), MSAM
(88), SK (89), CAT (90), and RING (97)].

each confine the universe to a strip in the cos-
mic triangle plot (Fig. 2). All three strips over-
lap at the ACDM model with approximately
Q.=13,Q, =23,and Q, = 0 (36, 37).
Zero curvature is consistent with inflation.

The verification and refinement of these
conclusions will take place in the next few
years through experiments that are already
under way and will hopefully settle some of
the questions that have challenged cosmolo-
gists for most of the 20th century. However,
new cosmological challenges will take their
place. Establishing inflation as the source of
the fluctuations that seeded galaxy formation
requires tests of the shape, Gaussianity, and
gravitational wave component of the primor-
dial power spectrum (82, 94-96). As esti-
mates of the cold dark matter density become
more precise, it becomes even more impera-
tive that its composition be identified. A host
of candidates are suggested by particle phys-
ics models (97). The leading candidates at
present are the axion (98) and the lightest,
stable, supersymmetry partner particles, such
as the photino and higgsino (99). [Recent
measurements of atmospheric and solar neu-
trinos show that the neutrino has a small
mass, but the mass is probably too small to be
important cosmologically (100).]

However, it is the acceleration of the uni-
verse that raises the most provocative and pro-
found issues. The acceleration may be causzd
by a static uniform vacuum density (or cosmo-
logical constant) or by a dynamical form of
evolving inhomogeneous dark energy (quintes-
sence) (39, 40). Distinguishing between the two
cosmologically is important because it informs

Gl
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Fig. 7. The Cosmic Triangle: Past, Present, and
Future. The past and future of the universe are
represented by various trajectories in the cosmic
triangle. The trajectories, which originate from
near ) = 1 (an unstable equilibrium point
matching the approximate condition of the uni-
verse during early structure formation), indicate
the path traversed in the triangle plot as the
universe evolves. For the current best fit ACDM
model, the future represents a flat accelerating
universe that expands forever, ultimately reach-
ingQ,—0and N, — 1.
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us of what kind of new fundamental physics
may be required to explain our universe. Prom-
ising approaches include measurements of SNe,
CMB anisotropy, and gravitational lensing (32,
35-37). Special initial conditions are required
for the vacuum energy possibility because it
remains constant while the matter density de-
creases over 100 orders of magnitude as the
universe expands. To have a vacuum energy
density only a factor of 2 greater than the
matter density today, it would have to have
been exponentially small in comparison to the
matter density in the early universe. A major
motivation for proposing quintessence is that its
interactions can cause its energy to naturally
adjust itself to be comparable to the matter
density today without special initial conditions
(101).

Acceleration also affects our projection
for the future fate of the universe, which can
also be represented in a cosmic triangle plot
(Fig. 7). As the universe evolves, 1 _, (),
and (1, change at different rates, while main-
taining a total value of unity, according to the
sum rule. Possible trajectories to the future
(Fig. 7) show that () = 1 is an unstable
fixed point and (), = 1 is a stable fixed point.
If Q) < 1 today and there is any bit of added
dark energy, then we are ultimately careening
towards a flat 3| — 0 (2, — 1) universe in
which the matter is spreading infinitesimally
thin, leaving behind only an inert vacuum
energy. If the vacuum energy (or quintes-
sence) is unstable, this fate may be averted.

As the current millennium ends, the past
history and the present state of the universe
are making themselves known. Determining
the long-term fate of the universe will require
an understanding of the fundamental physics
underlying the dark energy, one of the grand
challenges for the millennium to come.
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Modeling Astrophysical Phenomena in the
Laboratory with Intense Lasers

Bruce A. Remington,’ David Arnett,Z R. Paul Drake,® Hideaki Takabe*

Astrophysical research has traditionally been divided into observations and theoretical
modeling or a combination of both. A component sometimes missing has been the
ability to quantitatively test the observations and models in an experimental setting
where the initial and final states are well characterized. Intense lasers are now being
used to recreate aspects of astrophysical phenomena in the laboratory, allowing the
creation of experimental test beds where observations and models can be quantita-
tively compared with laboratory data. Experiments are under development at intense
laser facilities to test and refine our understanding of phenomena such as supernovae,
supernova remnants, gamma-ray bursts, and giant planets.

odern intense lasers produce energy

densities in submillimeter-scale

volumes that are far larger than
those produced by any other method. With
these highly versatile laser facilities, matter
can be prepared reproducibly in conditions
that are equivalent, in a rigorously scaled
sense, to those in large astrophysical sys-
tems such as supernovae, Herbig-Haro jets,
or giant planets. Examples of areas that can
be studied include strong shock phenome-
na, high-Mach number jets, strongly cou-
pled plasmas, compressible hydrodynamic
instabilities, radiation flow, photoevapora-
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tion front hydrodynamics, and fundamental
properties such as opacities and equations
of state (EOS).

Nuclear fusion reactions are the funda-
mental energy source of stars, and their
cross sections quantify the individual reac-
tion probabilities, allowing the heat pro-
duction inside stars to be calculated.
Opacities are the fundamental atomic prop-
erties that govern radiation transport within
stars. Opacities quantify the probability
that an atom will absorb photons that pass
within its vicinity and consequently control
to a large extent the temperature profiles
of the interiors of stars. These fundamental
“input” quantities—cross sections and
opacities—are required in models of phe-
nomena such as stellar pulsations and su-
pernova light curves. The research re-
viewed here is aimed at probing astro-
physical dynamics directly—the “output”
of the models—by creating scaled repro-
ductions of the astrophysical systems in the
laboratory.

Supernovae

Core-collapse supernovae (SNe) represent the
dramatic endpoint in the life cycle of a star
(I-5). The final death throes of the star are
spent in a high-stakes “tug of war” pitting quan-
tum mechanical degeneracy pressure against
gravitational pressure. The outcome determines
whether the final state is a white dwarf, neutron
star, or black hole and is based on the strength
of the degeneracy pressure to withstand the
radially inward tug of gravity (6). Stars with
initial masses of 1 to 8 M, (where M, corre-
sponds to the mass of the sun) finish their
hydrogen burming while their cores are not yet
degenerate. They undergo core contraction,
which raises the core density and temperature
sufficiently to trigger He burning. These stars
subsequently lose mass effectively and end
their lifetimes as white dwarfs, with masses of
~0.6 M, White dwarfs are supported by the
pressure of the degenerate electrons in their
interiors; that is, it is the quantum mechanical
Pauli exclusion principle that prevents further
collapse. The maximum mass possible for a
white dwarf is the Chandrashekar limiting
mass, M, =~ 1.4 M. More massive stars have
high enough temperatures in their cores to con-
tinue the nuclear fusion burning cycle up to Fe.
Once the core reaches Fe, the nuclear fusion
reactions no longer release net energy (because
the nuclear binding energy per nucleon is max-
imum in Fe, at nearly 9 MeV per nucleon), and
the thermonuclear fires are extinguished. The
mass of the Fe core continues to grow as the
surrounding layers burn their way to this ther-
monuclear end point until the Fe core mass
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