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Abstract. The discovery ten years ago that the expansion of the Universe is accelerating put in
place the present cosmological model, in which the Universe is composed of 4% baryons, 20% dark
matter, and 76% dark energy. Yet the underlying cause of cosmic acceleration remains a mystery:
it could arise from the repulsive gravity of dark energy – for example, the quantum energy of the
vacuum – or it may signal that General Relativity breaks down on cosmological scales and must be
replaced. In these lectures, I present the observational evidence for cosmic acceleration and what
it has revealed about dark energy, discuss a few of the theoretical ideas that have been proposed to
explain acceleration, and describe the key observational probes that we hope will shed light on this
enigma in the coming years. Based on five lectures given at the XII Ciclo de Cursos Especiais at the
Observatorio Nacional, Rio de Janeiro, Brazil, 1-5 October 2007.
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INTRODUCTION

In 1998, two teams studying distant Type Ia supernovae presented independent evidence
that the expansion of the Universe is speeding up [1, 2]. Subsequent observations, in-
cluding more detailed studies of supernovae and independent evidence from the cosmic
microwave background, large-scale structure, and clusters of galaxies, have confirmed
and firmly established this remarkable finding. These lectures1 provide a short pedagogi-
cal overview of dark energy, including: 1. A brief review of cosmology; 2. The discovery
of cosmic acceleration from observations of distant supernovae, followed by measure-
ments of the cosmic microwave background and of baryon acoustic oscillations (BAO)
in large-scale galaxy clustering; 3. The current status of the evidence for cosmic acceler-
ation; 4. Theories of acceleration, including dark energy, the cosmological constant, and
modified gravity; 5. Probes of dark energy, including clusters and weak gravitational
lensing in addition to supernovae and BAO; and 6. A summary of current and future
projects aimed at probing acceleration through the history of cosmic expansion and the
growth of large-scale structure.

A number of useful reviews target different aspects of the subject, including: theory
[3, 4]; cosmology [5]; the physics of cosmic acceleration [6]; probes of dark energy [7];
dark energy reconstruction [8]; dynamics of dark energy models [9]; the cosmological
constant [10, 11], and the cosmological constant problem [12]. These lecture notes most

1 The slides of the lectures are available athttp://www.on.br/institucional/portuguese/
dppg/cpgastron/ciclo2007/lectures.html.
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closely follow (and borrow from) the recent review of Frieman et al. [13].

BRIEF REVIEW OF COSMOLOGY

The Friedmann-Robertson-Walker (FRW) cosmological modelprovides the context for
interpreting the observational evidence for cosmic acceleration as well as the framework
for understanding how cosmological probes in the future will help uncover the cause of
acceleration. For further details on basic cosmology, see,e.g., the textbooks of Dodelson
[14], Kolb and Turner [15], Peacock [16], and Peebles [17].

The Universe is filled with a bath of thermal radiation, the cosmic microwave back-
ground radiation (CMB). The CMB has a purely thermal spectrum to the precision with
which it has been measured so far, with a temperature ofT = 2.725 K above absolute
zero. On all angular scales, it is observed to be nearly isotropic (rotationally invari-
ant) around us, with temperature fluctuations on the order ofδT/T ∼ 10−5. CMB pho-
tons have been travelling freely since the epoch oflast scattering, when ionized plasma
(re)combined to form neutral hydrogen, around 380,000 years after the Big Bang. To
first approximation, maps of the CMB give us a picture of conditions at this early time
and show that the young Universe was quite smooth.

According to theCosmological Principle, also called the Copernican Principle, we
are not priviledged observers. Therefore, the Universe should appear quasi-isotropic,
when averaged over large scales, to all similar observers. (Here, similar observers are
those moving slowly with respect to the comoving coordinates introduced below.) A
Universe that appears isotropic to all such observers can beshown to behomogeneous,
that is, essentially the same at every location, again averaged over large scales. More
specifically, the density of the cosmic fluid, when averaged over scales larger than∼ 100
Mpc, is approximately translation-invariant.

The Expanding Universe

The only time-dependent degree of freedom which preserves homogeneity and
isotropy is overall expansion or contraction. Preservation of this high degree of sym-
metry implies that the Universe on the largest scales is described by a single degree of
freedom, the cosmic scale factor,a(t), wheret is cosmic time. The spatial hypersurfaces
at fixed time can be described in terms of expanding or comoving coordinates, much
like the points of constant longitude and latitude on an expanding spherical balloon.
To first approximation, i.e., neglecting small peculiar velocities, galaxies are at rest in
these comoving coordinates, and the scale factor describesthe time dependence of their
physical separations,d = a(t)r, wherer is the fixed comoving distance between them.
Comparing the physical separations at timest1 andt2, the apparent recession speed is
given by

v =
d(t2)−d(t1)

t2− t1
=

r[a(t2)−a(t1)]
t2− t1

=
d
a

da
dt

≡ dH(t)≃ dH0 , (1)



whereH(t) ≡ (1/a)(da/dt) = ȧ/a is the expansion rate,H0 is the Hubble parameter,
the present value ofH(t), and the final equality in Eqn.1 holds for small time intervals,
t2− t1 ≪ 1/H0. We use the subscript ’0’ on a quantity to denote its value at the present
epoch.

The physical wavelengths of radiation scale with the scale factor, λ ∼ a(t). As a
result, in an expanding Universe, light emitted by one observer at timet1 and observed
by another at a later timet2 is observed to be shifted to longer, redder wavelengths. The
redshiftz is thus defined by

1+z=
λ (t2)
λ (t1)

=
a(t2)
a(t1)

, (2)

and directly yields the relative size of the Universe at the time of emission. For nearby
galaxies, the redshift is related to the apparent recessionvelocity byz≃ v/c. In optical
surveys, more distant galaxies have their light shifted farther to the red: they emitted
their light when the Universe was smaller, indicating that it has been expanding.

In the early 1920’s, Slipher reported spectroscopic measurements of recession veloc-
ities for 40 relatively nearby spiral galaxies. In the late 1920’s, Hubble found Cepheid
variable stars in∼ 20 nearby galaxies and measured their periods of variability. Us-
ing the period-luminosity correlation previously found byHenrietta Leavitt for Galactic
Cepheids, he was able to infer their luminosities. From measurements of their appar-
ent brightnesses, he could thus deduce their distances. Comparing these distances with
Slipher’s radial velocities, Hubble found empirically that v = H0d, in agreement with
the prediction for an expanding universe (Eqn. 1). While Hubble’s measurements were
confined to the relatively local universe,d ∼few Mpc, where peculiar velocities due
to large-scale structure, of order 300 km/sec, are comparable to the expansion veloc-
ity, modern observations have extended the measurement to much larger distances. The
Hubble Space Telescope Key Project used measurements tod ∼ 300 Mpc and found
H0 = 72±8 km/s/Mpc [18].

Expansion Dynamics

How does the expansion of the Universe change over time? Since gravity dominates
over other forces on the largest scales, one expects that mutual gravitational attraction
of the matter in the Universe would lead to a slowing of the expansion over time. We
can put more meat (preferably churrasco) on this statement by considering cosmological
dynamics.

A Newtonian treatment captures the essence of the argument.Consider a test massm
a distanced from the center of a homogeneous, spherical ball of matter that we imagine
carving out from the Universe. The total mass of the ball isM = (4π/3)ρd3, whereρ
is the density of the Universe. By Newton’s theorem, the total energy of the test mass is
given by

E =
mv2

2
−

GMm
d

, (3)



and is conserved. Using Hubble’s law,v = Hd, we find the Friedmann equation,

2E
md2 ≡−

K
a2(t)

= H2(t)−

(

8π
3

)

Gρ(t) , (4)

whereK is a constant. In General Relativity,K emerges as the indicator of the global
spatial curvature of constant-time hypersurfaces:K = 0 for flat, Euclidean space,K > 0
for positively curved, spherical geometry, andK < 0 for a negatively curved, three-
dimensional hyperboloid or saddle.

The full General Relativistic Friedmann equations for a multi-component Universe
can be written

H2(t)≡

(

1
a

da
dt

)2

=
8πG

3 ∑
i

ρi(t)−
k

a2(t)
, (5)

wherek = 0,+1,−1 for zero, positive, and negative curvature, and

1
a

d2a
dt2

= −
4πG

3 ∑
i

(ρi +3pi) , (6)

where pi and ρi are the pressure and density of theith component. From Eqn. 5,
it is convenient to define the critical density for a spatially flat Universe,ρcrit ≡
3H2

0/8πG = 1.88h2×10−29 gm/cm3, where the dimensionless Hubble parameterh =
H0/(100 km/sec/Mpc). The present density parameter in theith component is then
Ωi,0 = ρi(t0)/ρcrit .

The Einstein equations also imply conservation of stress-energy, which takes the form

dρi

dt
+3(ρi + pi)H = 0 . (7)

If the pressure and energy density are related bypi = wiρi , then the density in theith
component scales as

ρi ∝ exp

[

3
∫ z

0
[1+wi(z

′)]d ln(1+z′)

]

. (8)

If the equation of state parameterwi is time-independent, then

ρi ∼ a−3(1+wi) . (9)

For non-relativistic matter,wm ∼ (vm/c)2 ≪ 1, andρm ∼ a−3; for radiation or more
generally for ultra-relativistic particles,wr = 1/3, andρr ∼ a−4. Currently,Ωm ≃ 0.25
andΩr ≃ 0.8×10−4, implying that the Universe was radiation-dominated at epochs for
which 1+z> a(t0)/a(teq) ≃ 3000.

For much of the 1980’s and 90’s, a burning question was whether the Universe
would expand forever or recollapse. For a matter-dominateduniverse,wtot = wm ≃ 0,
“geometry is destiny”: from Eq. 5, positive curvature, i.e., k > 0, impliesΩm,0 > 1, and
sinceρm drops more rapidly than the spatial curvature term asa(t) becomes large, the
Universe reaches a maximum size (H = 0) and subsequently recollapses. Ifk ≤ 0, then



Ωm,0≤ 1, andH(t) remains positive: the Universe expands forever. Moreover,from Eqn.
6 we have ¨a< 0 in all cases: the expansion of the Universe decelerates dueto gravity, as
one expects.

Cosmic Acceleration and Dark Energy

In 1998, two groups observing distant supernovae found evidence that the expansion
of the Universe is instead speeding up, ¨a> 0 [1, 2]. Since then, evidence has accumulated
that the Universe was decelerating at early times but began accelerating about five
billion years ago. Logically, there are three possible modes of explanation for this
behavior: (i) we posit a form of “gravitationally repulsive” stress-energy in the Universe,
now called Dark Energy, which came to dominate over non-relativistic matter about
5 billion years ago; (ii) we instead modify the geometric as opposed to the stress-
tensor components of the Einstein-Hilbert action of General Relativity, a modification
primarily manifest only on cosmologically large scales; (iii) we leave General Relativity
and the matter-dominated Universe intact and instead drop the assumption that the
Universe is spatially homogeneous on large scales, invoking large-scale structure to
induce an apparent acceleration. Either of the first two would have profound implications
for our understanding of fundamental physics. We will return to some of these theoretical
ideas in a later chapter.

Dark energy is perhaps the simplest explanation for cosmic acceleration and the
most familiar. From Eqs. 6 and 9, if a component has an equation of state parameter
w < −1/3, i.e., sufficiently negative pressure, then it will come todominate over other
forms of stress-energy and will drive accelerated expansion. This is the defining property
of dark energy. An immediate consequence is that the link between geometry and destiny
is broken: for example, whileΩ0 > 1 still implies positive spatial curvature,k> 0, it does
not mean that the Universe will necessarily recollapse, because the dark energy density
scales more slowly witha(t) than the spatial curvature term, which goes as 1/a2(t).
The FRW scale factor vs. time is shown in Fig. 1a for various cosmological parameter
choices. The history of the matter, radiation, and dark energy components is shown in
Fig. 1b.

The simplest candidate for dark energy is the cosmological constant,Λ. It was intro-
duced by Einstein into the equations of General Relativity in order to produce a static,
finite Universe:

Gµν −Λgµν =
8πG
c4 Tµν (10)

whereGµν is the Einstein tensor describing the curvature of spacetime, andTµν is
the stress-energy tensor of the components. When the expansion of the Universe was
discovered by Hubble, Einstein advocated abandoning the cosmological constant as an
unnecessary blemish on his theory. However, in the late 1960’s, Zel’dovich stressed that
Λ logically belongs on the right-hand side of the Einstein equations, as the stress-energy
of the vacuum,Tvac

µν = (Λ/8πG)gµν [19]. (This point was made earlier by Lemaitre
as well.) Since the vacuum energy density gets contributions from quantum zero-point
fluctuations of all fields, it cannot simply be dismissed. Thepressure and energy density
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FIGURE 1. Left panel (a): Evolution of the scale factor vs. time for four cosmological models: three
matter-dominated models withΩ0 = Ωm = 0,1,5, and one withΩΛ = 0.75,Ωm = 0.25. Right panel (b):
Evolution of radiation, matter, and dark energy densities with redshift. For dark energy, the band represents
w = −1±0.2. From Frieman et al. [13].

of the vacuum can be read off from the stress-tensor aspvac=−ρvac= Λ/8πG, so it acts
as a fluid with equation of state parameterw= −1, as needed to explain acceleration. In
aΛ-dominated model, the expansion is asymptotically exponential, a(t)∼ exp(

√

Λ/3t).
The one fly in the ointment is that the required energy densityfor cosmic acceleration is
of orderρvac≃ (0.003 eV)4, while estimates of the vacuum energy density of quantum
fields are at least 60 to 120 orders of magnitude larger. This embarrassing discrepancy,
which predates and is logically separate from but is broughtinto focus by cosmic
acceleration, is known as the cosmological constant problem.

While the discovery of cosmic acceleration is often portrayed as a surprise, in fact
it fit neatly into a pre-existing theoretical and observational framework that had been
solidifying throughout the 1990’s. There were several elements of this framework:
(1) the theory of primordial inflation [20] predicted a flat Universe,Ω0 = 1, while
observations of dark matter were pointing with increasing accuracy toΩm ≃ 0.25, so
a component of “missing energy” withΩME ≃ 0.75 was needed to reconcile the two;
(2) such a missing energy component must be smoothly distributed and would therefore
inhibit the growth of large-scale structure—it must therefore have come to dominate over
non-relativistic matter at recent cosmic epochs, which means it must have a sufficiently
negative equation of state parameter,w≤−0.5; (3) the model of structure formation with
cold dark matter and a cosmological constant,ΛCDM, in combination with primordial
perturbations from inflation, had been found to be in good agreement with observations
of the large-scale clustering of galaxies, e.g., as observed in the APM survey [21]; (4)
estimates of globular cluster ages, in combination with Hubble parameter measurements,
indicated thatH0t0 = (H0/70 km/s/Mpc)(t0/14 Gyr) ≃ 1 or larger, which requires
an epoch during whicha(t) grows as fast or faster thant, i.e., accelerated expansion
(see Fig. 1a). As a result of this combination of factors, by the mid-1990’s, a model



with a dominant form of dark energy was recognized as a good match to much of the
cosmological data [22, 23, 24].

On the other hand, the cosmological constant had a troubled history in the 20th cen-
tury. Beginning with Einstein, it had been introduced to explain apparent observations
that subsequently either evaporated or were explained on other grounds. These episodes
included the preponderance of quasars aroundz∼ 2 in the late 1960’s and the Hubble
diagram of brightest-cluster elliptical galaxies in the mid-70’s. Based on this history,
healthy early skepticism of the supernova results was warranted. However, we now have
independent, robust lines of evidence for cosmic acceleration from multiple sources:
type Ia supernovae, the cosmic microwave background, and large-scale structure, among
others. Moreover, as new data has accumulated, the evidencehas strengthened.

THE DISCOVERY OF COSMIC ACCELERATION

In this section we overview the evidence for the accelerating Universe that accrued in
the late 1990’s and early 2000’s.

Type Ia Supernovae

Supernovae were first studied systematically by Zwicky and collaborators in the
1930’s. It was soon recognized that these luminous outbursts can be classified into
different types based on their light curves and optical spectra. Type I supernovae were
observed to exhibit similar light curves to each other and displayed no hydrogen in their
spectra. Type II supernovae, identified by their strong hydrogen lines, showed much
larger variability in their light curves. Type I supernovaewere later subclassified into
type Ia, which show silicon lines, type Ib, which show heliumand no silicon, and type
Ic, which show neither.

Although this classification is purely empirical, the type Ia supernovae appear to be a
physically distinct class from the other supernova types. SNe Ia are the thermonuclear
explosions of white dwarf stars that are accreting mass froma binary companion and
approaching the Chandrasekhar mass. The other supernova types arise from the core
collapse of evolved massive stars.

Type Ia supernovae appear quite homogeneous in their observational properties: they
show similar spectral features, rise times of 15 to 20 days, and decay times of months. SN
Ia light curves are powered by the radioactive decays of56Ni (at early times) and56Co
(after a few weeks), produced in the thermonuclear explosion [25]. The peak luminosity
is determined primarily by the mass of56Ni produced in the explosion [26]: if the white
dwarf is fully burned, one expects∼ 0.6M⊙ of 56Ni to be produced. As a result, although
the detailed mechanism of SN Ia explosions remains uncertain [e.g., 27, 28], SNe Ia are
expected and observed to have similar peak luminosities.

In fact, SNe Ia are not precisely standard candles, with a 1σ spread of order 0.3
mag in peakB-band luminosity. However, work in the early 1990’s [29] established an
empirical correlation between SN Ia peak brightness and therate at which the luminosity
declines with time after peak: intrinsically brighter SNe Ia decline more slowly. After



correcting for this correlation, SNe Ia turn out to be excellent “standardizable” candles,
with a dispersion of about 15% in peak brightness.

To put the supernova observations in context, we pause to review how distances are
defined and measured in cosmology.

Cosmological Distances

The spacetime metric for the homogeneous, isotropic FRW cosmology can be written
in either of two useful forms:

ds2 = c2dt2−a2(t)
[

dr2/(1−kr2)+ r2(

dθ2 +sin2θdφ2)]

= c2dt2−a2(t)
[

dχ2 +S2
k(χ)

(

dθ2+sin2θdφ2)] , (11)

where k is the spatial curvature index,θ , φ are the usual angular coordinates in a
spherical coordinate system, andr = Sk(χ) = sinh(χ),χ,sin(χ) for k = −1,0,+1.
Along a radial null geodesic (light ray),ds2 = dθ2 = dφ2 = 0, socdt = adχ . As a
result, the comoving distance is given by

χ =
∫

cdt
a

=
∫

cdt
ada

da= c
∫

da
a2H(a)

. (12)

Without loss of generality we can seta(t0) ≡ a0 = 1, so thata = 1/(1+z), and we have
da=−(1+z)−2dz=−a2dz. We therefore derive a simple relation between redshift and
comoving distance,cdz= −H(z)dχ .

To compute theluminosity distance, consider a sourceS at the origin emitting light
at time t1 into solid angledΩ that is received by observerO at coordinate distancer
at timet0 who has a detector of areaA. The proper area of the detector is given by the
FRW metric,A = a0rdθa0r sinθdφ = a2

0r2dΩ. A unit-area detector atO thus subtends
a solid angledΩ = 1/a2

0r2 at S. The power emitted intodΩ by a source of luminosityL
is dP= LdΩ/4π , and the energy flux received byO per unit area is thusf = LdΩ/4π =
L/4πa2

0r2. However, the expansion of the Universe reduces the received flux due to two
effects: (i) the photon energy redshifts,Eγ(t0) = Eγ(t1)/(1+z); (ii) photons emitted at
time intervalsδ t1 arrive at larger time intervals given byδ t0/δ t1 = a(t0)/a(t1) = 1+z:
this time dilation factor can be derived from the constancy of the comoving distance of
Eqn. 12, i.e., by setting

∫ t0
t1

dt/a(t) =
∫ t0+δ t0
t1+δ t1

dt/a(t) and rewriting the integration limits.
Including these two factors, we can write the flux as

f =
LdΩ
4π

=
L

4πa2
0r2(1+z)2

≡
L

4πd2
L

, (13)

where the last equality defines the luminosity distancedL in terms of the usual inverse-
square law,

dL = r(1+z) = c(1+z)|Ωk|
−1/2Sk

(

∫

|Ωk|
1/2 da

H0a2(H(a)/H0)

)

, (14)
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FIGURE 2. Left: Distance vs. redshift in a flat Universe with differentvalues of the cosmological
parametersΩm andw. Right: volume element vs. redshift for same models. From Frieman et al. [13].

whereΩk = 1−Ω0 = 1−Ωm−ΩDE. For a general dark energy model with equation of
state parameterw(z), the Hubble expansion rate can be written as

H2(z)

H2
0

= Ωm(1+z)3+ΩDE exp

[

3
∫

(1+w(z))d ln(1+z)

]

+Ωk(1+z)2 . (15)

For the case of the cosmological constant,w = −1, this can be rewritten as

H2(a)

H2
0

= Ωma−3+ΩΛ +Ωka
−2 , (16)

and the luminosity distance becomes

dL(z;Ωm,ΩΛ) =
c(1+z)

H0
|Ωk|

−1/2Sk

(

∫ 1

1/(1+z)
|Ωk|

1/2 da

a2[Ωma−3+ΩΛ +Ωka−2]1/2

)

.

(17)
Another important special case is a flat Universe (Ωk = k= 0) and dark energy withw=
constant, independent of redshift. In this case,

H2(z)

H2
0

= (1−ΩDE)(1+z)3+ΩDE(1+z)3(1+w) , (18)

and the luminosity distance is given by

dL(z;ΩDE,w) = χ(1+z) =
1+z
H0

∫

1+ΩDE[(1+z)3w−1]−1/2

(1+z)3/2
dz. (19)

Note that the productH0dL is independent of the Hubble parameterH0.



The absolute and apparent magnitudes are logarithmic measures of luminosity
and flux: M j = −2.5log(L j) + c1, mi = −2.5log( fi) + c2, where i( j) denotes the
observed(rest-frame) passband. Luminosity distance measurements are then conve-
niently given in terms of thedistance modulus,

µ ≡ mi −M j = 2.5log(L j/ fi) = 5log[H0dL(z;Ωm,ΩDE,w(z))]−5logH0+Ki j (z) ,
(20)

whereKi j is the redshift-dependent K-correction that accounts for the redshifting be-
tween the observed and emitted passbands and depends upon the spectral energy distri-
bution of the source. For a population of standard candles (fixedM j) with known spectra
(Ki j ), measurements ofµ vs.z, the Hubble diagram, constrain cosmological parameters.
The parameter dependence of the distance vs. redshift is shown in the left panel of Fig.
2. The right panel shows the comoving volume element,d2V/dzdΩ = r2(z)/H(z).

If M j is known, then from measurement ofmi and knowledge of the spectrum we
can infer theabsolutedistance to an object at redshiftz; we can thereby determine
H0, sincedL ≃ cz/H0 for z ≪ 1. If M j is unknown, then from measurement ofmi
we can infer the distance to an object at redshiftz1 relative to an object at redshift
z2, m1−m2 = 5log(d1/d2) + K1 −K2. For supernovae, we typically measure relative
distances, using low-redshift supernovae to vertically anchor the Hubble diagram, i.e.,
to approximately determine the quantityM−5logH0.

SN Discovery

The recognition in the 1990’s that supernovae are standardizable candles, together
with the availability of large mosaic CCD cameras on 4-meterclass telescopes, stim-
ulated two teams, the Supernova Cosmology Project (SCP) andthe High-z SN Search
Team (HZT), to measure the SN Ia Hubble diagram to much largerdistances than was
previously possible. Based on samples of tens of objects, both teams found that distant
SNe are∼ 0.25 mag dimmer than they would be in a decelerating Universe, indicat-
ing that the expansion has been speeding up for the past 5 Gyr [1, 2]; a compilation of
the discovery data from the two teams is shown in Fig. 3a. Initially, these results were
interpreted in terms of the cosmological constant model, Fig. 3b, using Eqn. 17. The
constraint region delineates the values of the parametersΩm,ΩΛ which combine to give
similar luminosity distance estimates toz∼ 0.5. The results are also often interpreted in
terms of the flat, constantw model of Eqn. 19, as shown in Fig. 6 below.

Cosmic Microwave Background Anisotropy

The second important piece of evidence in favor of cosmic acceleration came from
the CMB anisotropy. As noted above, the CMB carries the imprint of processes in the
photon-baryon fluid around the time of recombination, when the photons last scattered
with baryons, atzls = 1089. CMB maps, such as those made most recently by the Wilkin-
son Microwave Anisotropy Probe (WMAP), show the strongest temperature fluctuations
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FIGURE 3. Left panel (a): Discovery data: Hubble diagram of SNe Ia measured by the SCP and HZT.
Bottom panel shows residuals in distance modulus relative to an open universe withΩ0 = Ωm = 0.3.
Figure adapted from [30, 31], based on [1, 2]. Right panel (b): constraints onΩm andΩΛ from the HZT
data [1].

FIGURE 4. CMB temperature anisotropy angular power spectrum measurements from WMAP, Acbar,
Boomerang, and CBI. From Dunkley et al. [32].



on a characteristic angular scale of about 1 degree. This is the angular scale subtended by
the sound horizon,s= cstls, the distance that gravity-driven sound waves in the photon-
baryon fluid can travel before last scattering. More precisely,

s=

∫ tls

0
cs(1+z)dt =

∫ ∞

zls

cs

H(z)
dz, (21)

where the sound speedcs is determined by the ratio of the baryon and photon energy den-
sities,cs = [3(1+3ρb/4ργ)]

−1/2. Before recombination, the sound speed is relativistic,
aboutcs≃ 0.57c, due to the large pressure provided by the CMB photons.

While s is fixed primarily byΩγ andΩb, the angular scale subtended bys is deter-
mined primarily by the spatial curvature of the Universe: for Ω0 > 1 (Ω0 < 1), the an-
gular scale is larger (smaller) than it is in a flat Universe. In 2000-2001, the Boomerang,
DASI, and MAXIMA experiments [33, 34, 35] reported robust detections of the first
acoustic peak in the CMB temperature anisotropy angular power spectrum at an angu-
lar scale of about 1 degree, as expected for a nearly flat Universe. In a plot ofΩΛ vs.
Ωm such as Fig. 3b, the CMB constraints thus lie near theΩ0 = 1 line, nearly orthog-
onal to the supernova constraints; more precisely, the CMB degeneracy line is approxi-
mately 1−Ω0 = −0.3+0.4ΩΛ, as shown below in Fig. 6a. Together, the SN and CMB
constraints point to a best-fit model withΩΛ ≃ 0.75 andΩm ≃ 0.25. The CMB con-
straints have been strengthened considerably by recent results from WMAP and from
ground-based experiments that probe smaller angular scales. A recent compilation of
CMB anisotropy results is shown in Fig. 4, clearly showing the pattern of acoustic os-
cillations. The WMAP 5-year data constrains the distance tolast scattering as [36]

R= (ΩmH2
0)1/2

∫ zls

0

dz
H(z)

= 1.715±0.021. (22)

The resulting constraints on cosmological parameters are shown in Fig. 6. The CMB
constraints on the dark energy equation of state parameterw are comparatively weak,
due to a large degeneracy betweenw andΩDE in determining the angular diamater dis-
tance to the last-scattering surface. Nevertheless, the positions and amplitudes of the
acoustic peaks in Fig. 4 encode a wealth of cosmological information. CMB measure-
ments are extremely important for present and future dark energy probes since they
strongly constrain a variety of cosmological parameters. The upcoming Planck mission
is expected to constrain a number of (non-dark energy) cosmological parameters at the
∼ 1% level.

Large-scale Structure: Baryon Acoustic Oscillations

The baryon acoustic oscillations (BAO), so prominent in theCMB anisotropy, leave
a more subtle imprint in the large-scale distribution of galaxies, a bump in the two-point
correlation functionξ (r) at a scaler ∼ 110h−1 Mpc. This is roughly the distance at
which an outgoing spherical sound wave in the photon-baryonfluid stalls when the pho-
tons and their associated pressure decouple from the baryons at the time of last scatter-
ing. The sound waves remain imprinted in the baryon distribution and, through gravita-



FIGURE 5. Correlation function for SDSS luminous red galaxies, showing the expected bump due to
BAO on large scales. From Eisenstein et al. [37].

tional interactions, in the dark matter distribution as well. However, sinceΩb/Ωm≃ 1/6,
dark matter dominates the growth of structure, and the imprint of baryon oscillations in
the galaxy distribution is relatively small.

Measurement of the BAO signature in the correlation function of luminous red galax-
ies in the Sloan Digital Sky Survey (SDSS), shown in Fig. 5, has constrained the distance
to the median redshiftz1 = 0.35 of this sample to a precision of 5% [37]. The BAO mea-
surements constrain several different parameters [37, 38], depending on whether and
how information from the CMB is used. Eisenstein et al. [37] show that they constrain
the combination of angular diameter distance, Hubble parameter, andΩm given by

A(z1;w,Ωm,ΩDE) =
√

Ωm

(

H0

H(z1)

)1/3
[

|Ωk|
−1/2

z1
Sk

(

|Ωk|
1/2

∫ z1

0
dz

H0

H(z)

)

]2/3

= 0.469±0.017. (23)

Since this quantity scales with redshift and cosmological parameters in a manner dif-
ferent from the luminosity distance, its measurement carves out a different likelihood
region in the space of cosmological parameters. The resulting constraints in thew,Ωm
plane are shown in Fig. 6. This figure demonstrates the robustness of the current results:
although SN, CMB, and LSS are complementary, one can drop anyone of them and still
find strong evidence in favor of cosmic acceleration. For evidence from the CMB and
LSS alone, see, e.g., [39].
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Statistical errors only are shown. From Kowalski et al. [40].

CONTINUING EVIDENCE FOR COSMIC ACCELERATION

While CMB and LSS measurements independently strengthenedthe evidence for an
accelerating Universe, subsequent supernova observations have reinforced the original
results, and new evidence has accrued from other observational probes. Here we briefly
review these recent developments and discuss the current status of our knowledge of
dark energy.

Recent Supernova Observations

A number of concerns were raised about the robustness of the first SN evidence for
acceleration, e.g., it was suggested that distant SNe couldappear fainter due to extinction
by hypothetical grey dust rather than acceleration [41, 42]. Over the intervening decade,
the supernova evidence for acceleration has been strengthened by results from a series
of SN surveys. Observations with the Hubble Space Telescope(HST) have provided
high-quality light curves [43] and have extended SN measurements to redshiftz≃ 1.8,
providing evidence for the expected earlier epoch of deceleration and disfavoring dust
extinction as an alternative explanation to acceleration [44, 45, 46].

Two large ground-based surveys, the Supernova Legacy Survey (SNLS) [47] and the



ESSENCE survey [48, 49], have been using 4-meter telescopesto measure light curves
for several hundred SNe Ia over the redshift rangez∼ 0.3−0.9, with large programs of
spectroscopic follow-up on 6- to 10-m telescopes. They haveeach reported results from
a fraction of the total data collected, with more to follow. The quality and quantity of the
distant SN data are now vastly superior to what was availablein 1998, and the evidence
for acceleration is correspondingly more secure. An example of a recent analysis using
this larger, more recent combination of supernova data setsis shown in Fig. 6 [40]. In
combination with CMB and LSS results (see below), the SN dataconstrain the equation
of state parameterw to an uncertainty∼ 0.08− 0.15 for a flat Universe and constant
w, with a central value consistent with the cosmological constant,w = −1. The range
of uncertainty above reflects different assumptions in the literature about the size of
systematic errors. On the other hand, if we drop the assumption of non-evolvingw,
which is not well motivated ifw 6= −1, then the current constraints are considerably
weaker.

Systematic Errors in SN Distance Estimates

With the substantial advances in the number of supernova distance measurements in
recent years and the consequent decline in statistical errors, systematic errors have come
into sharper focus as a limiting factor. The major systematic concerns for supernova
distance measurements are errors in correcting for host-galaxy extinction and uncertain-
ties in the intrinsic colors of supernovae; luminosity evolution; and selection bias in the
low-redshift sample. Even with multi-band observations, the combination of photomet-
ric errors, variations in intrinsic SN Ia colors, and uncertainties and likely variations in
host-galaxy dust properties lead to significant uncertainties in distance estimates. Ob-
servations that extend into the rest-frame near-infrared,such those being carried out by
the Carnegie Supernova Project, offer promise in controlling dust-extinction systematics
since their effects are much reduced at long wavelengths.

With respect to luminosity evolution, there is evidence that SN peak luminosity
correlates with host-galaxy type [e.g., 50], and that the mean host-galaxy environment,
e.g., the star formation rate, evolves strongly with look-back time. However, brightness-
decline-corrected SN Ia Hubble diagrams are consistent between different galaxy types,
and since the nearby Universe spans the range of galactic environments sampled by the
high-redshift SNe, one can measure distances to high-redshift events by comparing with
low-redshift analogs. While SNe provide a number of correlated observables (multi-
band light curves and multi-epoch spectra) to constrain thephysical state of the system,
insights from SN Ia theory will likely be needed to determineif they are collectively
sufficient to constrain the mean peak luminosity at the percent level required for future
dark energy missions [27].

Finally, there is concern that the low-redshift SNe currently used to anchor the Hub-
ble diagram and that serve as templates for fitting distant SNlight curves are a relatively
small, heterogeneously selected sample and that correlated large-scale peculiar veloci-
ties induce larger distance errors than previously estimated [51]. This situation should
improve in the near future once results are collected from low-redshift SN surveys such



FIGURE 7. Hubble diagram for low-redshift (red), SNLS (blue), and ESSENCE (black) supernovae
using the MLCS2k2 distance estimator (left panel) and the SALT fitter (right panel). Lower panels show
residuals from an open model withΩm = 0.3,ΩΛ = 0. From Wood-Vasey et al. [49].

as the Lick Observatory Supernova Search (LOSS), the Centerfor Astrophysics Super-
nova project, the Carnegie Supernova Project, the Nearby Supernova Factory, and the
SDSS-II Supernova Survey. Over the course of three 3-month seasons, the latter survey
discovered and measured multi-band light curves for nearly500 spectroscopically con-
firmed SNe Ia in the redshift rangez∼ 0.05−0.4, filling in the “redshift desert” between
low- and high-redshift samples that is evident in Fig. 7 [52,53].

One illustration of systematic error concerns is provided by Fig. 7, which shows the
Hubble diagram for the same published low-redshift, ESSENCE, and SNLS data ana-
lyzed using two different light-curve fitters, the multi-color light-curve shape (MLCS)
method [50] and SALT [54, 55]. One sees significant differences in distance estimates,
and the best-fit values ofw, using the SNe plus BAO constraints, differ by about 0.11.
These fitters take different approaches to SN distance estimation. MLCS is based on
UVBRIrest-frame light-curve templates derived from well-observed nearby supernovae.
It incorporates a brightness vs. light-curve shape correlation and assumes that color vari-
ations not associated with the brightness-shape relation are due to dust extinction in the
host galaxy. Host-galaxy dust is modeled using a derived extinction vs. wavelength re-
lation for the Milky Way, and a prior on the amplitude of the dust extinction is imposed,
again based on observations of the low-redshift supernovae. SALT, by contrast, begins
with rest-frame spectral templates that are synthesized toproduce broad-band model
photometry. It incorporates a brightness-shape correlation and an empirical color vari-
ation that is not required to emulate the effects of dust but that appears to match the
wavelength dependence of dust extinction reasonably well.In particular, there are no



explicit assumptions about dust and no associated priors. However, the translation of
light-curve shape and color variations into luminosity andtherefore distance variations
is controlled by two global parameters that are determined in a simultaneous fit of model
and cosmological parameters to the Hubble diagram. As a result, SALT does not yield
cosmology-independent distance estimates for each supernova, and SALT SN distances
derived in the context of a particular cosmology parametrization (e.g.,k= 0 and constant
w) should not be applied to constrain other models.

Accounting for systematic errors, precision measurement of w and particularly of its
evolution with redshift will require a few thousand SN Ia light curves out to redshifts
z∼ 1.5 to be measured with unprecedented precision and control ofsystematics [56].
For redshiftsz> 0.8, this will require going to space to minimize photometric errors, to
obtain uniform light-curve coverage, and to observe in the near-infrared bands to capture
the redshifted photons.

Corroborating Evidence for Acceleration

A number of observations made in the last several years have provided additional
evidence for cosmic acceleration. We highlight some of the major developments here.

Integrated Sachs-Wolfe effect:The presence of dark energy affects the large-angle
anisotropy of the CMB (the low-ℓ multipoles). This Integrated Sachs-Wolfe (ISW)
effect arises due to the differential redshifts of photons as they pass through time-
changing gravitational potential wells, and it leads to a small correlation between the
low-redshift matter distribution and the CMB temperature anisotropy. This effect has
been observed in the cross-correlation of the CMB with galaxy and radio source catalogs
[57, 58, 59, 60]. This signal indicates that the Universe is not described by the Einstein-
de Sitter model (Ωm = 1), a reassuring cross-check.

Weak gravitational lensing [61, 62], the small, correlated distortions of galaxy
shapes due to gravitational lensing by intervening large-scale structure, is a powerful
technique for mapping dark matter and its clustering. Detection of this cosmic shear sig-
nal was first announced by four groups in 2000 [63, 64, 65, 66].Recent lensing surveys
covering areas of order 100 square degrees have shed light ondark energy by pinning
down the combinationσ8(Ωm/0.25)0.6 ≈ 0.85±0.07, whereσ8 is the rms amplitude of
mass fluctuations on the 8h−1 Mpc scale [67, 68, 69]. Since other measurements pegσ8
at≃ 0.8, this implies thatΩm ≃ 0.25, consistent with a flat Universe dominated by dark
energy. In the future, weak lensing has the potential to be a very powerful probe of dark
energy [70, 71], as discussed below.

X-ray Clusters: Measurements of the ratio of X-ray emitting gas to total massin
galaxy clusters,fgas, also indicate the presence of dark energy. Since galaxy clusters are
the largest collapsed objects in the universe, the gas fraction in them is presumed to be
constant and nearly equal to the baryon fraction in the Universe, fgas≈ Ωb/Ωm (most of
the baryons in clusters reside in the gas). The value offgas inferred from observations
depends on the observed X-ray flux and temperature as well as the distance to the
cluster. Only the “correct cosmology” will produce distances which make the apparent
fgas constant in redshift. Using data from the Chandra X-ray Observatory, Allen et al.



[72], Allen et al. [73] determinedΩΛ to a 68% precision of about±0.2, obtaining a
value consistent with the SN data.

Strong Lensing: A distant quasar lying near the line of sight to a foreground galaxy
can have its light strongly bent by the galaxy’s gravitational field. In favorable circum-
stances, this leads to the appearance of multiple images of the same quasar, an instance
of strong gravitational lensing. Schematically, the optical depth for lensing can be writ-
ten

τ(zS) =
∫

dV
∫

dM
dn
dM

AL(M) , (24)

wheredV is the volume element, the volume integral is taken out to theQSO redshift
zS, dn/dM is the redshift-dependent mass function of the lens population (assumed to
be massive galaxies and their associated dark matter halos), andAL(M) is determined
by the density profiles of the lenses, often modeled as singular isothermal spheres for
galaxy-scale lenses. In principle, the volume element is strongly sensitive to the cosmo-
logical constant (see Fig. 2), so the optical depth for strong lensing would seem a natural
dark energy probe [74, 75]. However, a major difficulty arises from the fact that the mass
function of the lens population is not an observable. Traditionally, galaxy scaling rela-
tions such as the Faber-Jackson relation between luminosity and velocity dispersion,
along with measurements of the galaxy luminosity functiondn/dL, were used to infer
the galaxy mass functiondn/dM, but the associated uncertainties, particularly for galax-
ies atz∼ 0.5 that dominate the optical depth, were large. More recent approaches have
made use of the velocity-dispersion distribution functionof early-type galaxies,dn/dσv,
measured, e.g., by the SDSS [76, 77, 78]. Fig. 8 shows examples of recent constraints on
ΩΛ andΩm (for w = −1) and onΩm andw (for a flat Universe) from strong lens statis-
tics. While the statistical errors are large, the results are consistent with an accelerating
Universe.

MODELS OF COSMIC ACCELERATION

Understanding the origin of cosmic acceleration presents both a challenge and an oppor-
tunity to theorists. While there has been no shortage of ideas, there is also no consensus
model. In this section, we briefly review the theoretical landscape.

Dark Energy Models

Vacuum Energy

Vacuum energy is the simplest candidate for dark energy. As noted above, since the
stress-energy of the vacuumTvac

µν is proportional to the metricgµν , it is mathematically
equivalent to a cosmological constant. The difficulty arises when one attempts to calcu-
late its expected value. For each mode of a quantum field thereis a zero-point energy



FIGURE 8. Constraints on dark energy from the statistics of strongly lensed QSOs. Left panel: con-
straints onΩΛ,Ωm from the CLASS lens survey, from Mitchell et al. [76]. Right panel: constraints on
w,Ωm from the SDSS lensed QSO survey (black), from SDSS BAO (dotted), and the combination of the
two (blue), from Oguri et al. [77].

h̄ω/2, so that the energy density of the quantum vacuum is given by

ρvac=
1
2 ∑

fields

gi

∫ ∞

0

√

k2+m2 d3k
(2π)3 ≃ ∑

fields

gik4
max

16π2 , (25)

where gi accounts for the degrees of freedom of the field (the sign ofgi is + for
bosons and− for fermions), and the sum runs over all quantum fields (quarks, leptons,
gauge fields, etc). Herekmax is an imposed momentum cutoff, because the sum diverges
quartically.

To illustrate the magnitude of the problem, if the energy density contributed by just
one field is to be at most the critical density, then the cutoffkmax must be< 0.01eV —
well below the energy scale where one could have appealed to ignorance of physics
beyond. Taking the cutoff to be the Planck scale (≈ 1019 GeV), where one expects
quantum field theory in a classical spacetime metric to breakdown, the zero-point
energy density would exceed the critical density by 120 orders of magnitude. It is highly
unlikely that a classical contribution to the vacuum energydensity would cancel this
quantum contribution to such high precision. This large discrepancy is known as the
cosmological constant problem [12].

Supersymmetry, the hypothetical symmetry between bosons and fermions, appears
to provide only partial help. In a supersymmetric (SUSY) world, every fermion in the
standard model of particle physics has an equal-mass SUSY bosonic partner and vice
versa, so that fermionic and bosonic zero-point contributions to ρvac would exactly
cancel. However, SUSY is not a manifest symmetry in Nature: none of the SUSY
particles has yet been observed in collider experiments, sothey must be substantially
heavier than their standard-model partners. If SUSY is spontaneously broken at a mass



scaleM, one expects the imperfect cancellations to generate a finite vacuum energy
densityρvac∼M4. For the currently favored valueM ∼ 1 TeV, this leads to a discrepancy
of 60 (as opposed to 120) orders of magnitude with observations.

One approach to the cosmological constant problem involvesthe idea that the vac-
uum energy scale is a random variable that can take on different values in different
disconnected regions of the Universe. Because a value much larger than that needed to
explain the observed cosmic acceleration,ρvac > 125ρcrit , would preclude the forma-
tion of galaxies (assuming all other cosmological parameters are held fixed), we could
not find ourselves in a region with such largeρvac [79]. Imagining an ensemble of uni-
verses or of such disconnected large regions, the probability for us to observe a particular
value ofρvac is given by [79]dP(ρvac) = P∗(ρvac)N(ρvac)dρvac, whereP∗(ρvac) is the
prior probability for a region to have a given value of the vacuum energy density. Here,
N(ρvac) is the fraction of baryons that end up in galaxies or in systems large enough
to sustain observers and has support only atρvac < 125ρcrit (again holding all other
parameters fixed, including the amplitude of primordial perturbations). Weinberg [79]
assumed thatP∗ is broad and effectively constant over the anthropically allowed range
of N. Vilenkin and Rubakov, however, have noted thatP∗ could vary strongly over this
range and could in fact be strongly peaked at large values ofρvac. In that case, we would
be more likely to find ourselves living “on the edge” of the allowed region, and life
should be nasty, brutish, and short, a view one might term themisanthropic principle.

The anthropic approach finds a possible home in the landscapeversion of string
theory, in which the number of different vacuum states is very large and essentially
all values of the cosmological constant are possible. Provided that the Universe has
such a multiverse structure, this might provide an explanation for the smallness of the
cosmological constant [80, 81].

Light Scalar Fields

Another approach to dark energy involves the idea that the Universe is not yet in its
ground state. Suppose the true vacuum energy is zero (for reasons yet unknown),Λ = 0.
Transient vacuum-like energy can exist if there is a field that takes a cosmologically long
time to reach its ground state [82, 83, 22, 84]. This was the reasoning behind primordial
inflation, a proposed epoch of accelerated expansion in the very early universe. For this
reasoning to apply now, we must postulate the existence of anextremely light scalar field
φ , since the dynamical timescale for evolution of such a field is given bytφ ∼ 1/mφ . To
satisfytφ > 1/H0, the scalar mass should satisfymφ < H0 ∼ 10−33 eV, extremely tiny
by particle physics standards for fields that are not exactlymassless due to a symmetry.
Since the Compton wavelength of the field is also of order 1/H0 = 3000h−1 Mpc or
larger, it will not gravitationally cluster with large-scale structure—we expect it to be
nearly smoothly distributed—though it can have small-amplitude perturbations on the
largest observable scales today, which can affect the CMB anisotropy, e.g., [85].

For a scalar fieldφ , with Lagrangian densityL = 1
2∂ µ φ∂µφ −V(φ), the stress-energy

takes the form of a perfect fluid, with

ρ = φ̇2/2+V(φ) , p = φ̇2/2−V(φ) , (26)



whereφ is assumed to be spatially homogeneous, i.e.,φ(~x, t) = φ(t), φ̇2/2 is the kinetic
energy, andV(φ) is the potential energy. The evolution of the field is governed by its
equation of motion,

φ̈ +3Hφ̇ +V ′(φ) = 0 , (27)

where a prime denotes differentiation with respect toφ . Scalar-field dark energy can be
described by the equation-of-state parameter

wφ =
φ̇2/2−V(φ)

φ̇2/2+V(φ)
=

−1+ φ̇2/2V

1+ φ̇2/2V
. (28)

If the scalar field evolves slowly,̇φ2/2V ≪ 1, as it generally will do whenmφ =
√

V ′′(φ) ≪ H(t), then wφ ≈ −1, and the scalar field behaves like a slowly varying
vacuum energy, withρvac(t) ≃ V[φ(t)]. If this inequality is only marginally satisfied,
however, then the equation of state parameter can deviate significantly from−1, and it
generally evolves in time.

The simplest such model would involve just a free, massive scalar field V(φ) =
m2

φ φ2/2. In this case, in order for the field to both supply negative pressure (and therefore
drive accelerated expansion) and have the correct magnitude of the energy density,
ρ ∼ 10−10 eV4, the field amplitude must be very large,φ ∼ 1028 eV∼ MPl, comparable
to the Planck mass. This implies that the scalar potential isremarkably flat; one measure
of this is thatmφ/φ ∼ 10−61 or smaller. Moreover, in order not to destroy the required
flatness of the potential, the quartic self-coupling of the field, λφ4/4, is constrained to
be extremely small,λ < 10−122. These are generic features of scalar field dark energy
models. Understanding such very small numbers and ratios makes it challenging to
connect scalar field dark energy with particle physics models. In constructing theories
that go beyond the standard model of particle physics, including those that incorporate
primordial inflation, model-builders have been strongly guided by the requirement that
any small dimensionless numbers in the theory should be protected by symmetries
from large quantum corrections; such small numbers are thensaid to be “technically
natural”. Thus far, this kind of model-building disciplinehas not been the rule among
cosmologists working on dark energy models.

One scenario that does attempt to incorporate the naturalness criterion has a pseudo-
Nambu-Goldstone boson as the dark energy scalar [22]. In thesimplest incarnation, a
globalU(1) symmetry is spontaneously broken at a very high energy scale, f ∼ MPl,
giving rise to a massless Nambu-Goldstone boson. If the symmetry is explicitly broken
at a much lower scaleM ∼ 10−3 eV (which is technically natural), then the field gets a
tiny mass from the explicit breaking, with a periodic potential of the form

V(φ) = M4
[

1+cos

(

φ
f

)]

. (29)

Such a field would be a much lighter cousin of the QCD axion. Examples of particle
physics model-building incorporating this idea are given in [86, 87].

In the examples above, at early times the field is frozen to itsinitial value by the
friction term 3Hφ̇ in Eqn. 27, and it acts as vacuum energy; when the expansion rate
drops belowH2 = V ′′(φ), the field begins to roll andw evolves away from−1. In other



models, the field instead may roll more slowly as time progresses, i.e., the slope of the
potential drops more rapidly than the Hubble friction term.This can happen if, e.g.,
V(φ) falls off exponentially or as an inverse power-law at largeφ . These “thawing”
and “freezing” models tend to carve out different trajectories of w(z), so that precise
cosmological measurements might be able to discriminate between them [88].

As Fig. 1 shows, through most of the history of the Universe, dark matter or radiation
dominated dark energy by many orders of magnitude. We happento live around the time
that dark energy has become important. Is this coincidence betweenρDE andρm an im-
portant clue to understanding cosmic acceleration or just anatural consequence of the
different scalings of cosmic energy densities and the longevity of the Universe? In some
freezing models, the scalar field energy density tracks thatof the dominant component
(radiation or matter) at early times and then dominates at late times, providing a dynam-
ical origin for the coincidence. In thawing models, the coincidence is indeed transitory
and just reflects the mass scale of the scalar field.

Modified Gravity

An alternative approach seeks to explain cosmic acceleration not in terms of dark
energy but as a manifestation of new gravitational physics.Instead of adding a new
componentTDE

µν to the right side of the Einstein equations (Eqn. 10), one instead
modifies the geometric side—schematically,Gµν → Gµν + f (gµν). A number of ideas
have been explored along these lines, from models motivatedby higher-dimensional
theories and string theory [89, 90] to phenomenological modifications of the Einstein-
Hilbert action of General Relativity [91, 92].

As an example, consider the model of Dvali et al. [89], which arises by assuming that
we live in a 3-dimensional brane in a 4+ 1-dimensional Universe. The action can be
written as

S= M3
5

∫

d5X
√

|detg5|R5+M2
Pl

∫

d4x
√

|detg4|R4 +

∫

d4x
√

|detg4|Lm , (30)

where the first term is the 5-dimensional Einstein-Hilbert action, the second describes
the curvature of the brane, and the third describes the particles of the Standard Model,
confined to the brane. At large distances, gravity can leak off the 3-brane into the bulk,
infinite 5th dimension. The cross-over from effective 4D to 5D gravity occurs at a scale
rc = M2

Pl/M3
5 and gives rise to a modified Friedmann equation,

H2±
H
rc

=
8πGρ

3
. (31)

Choosing the minus sign in the second term, which becomes important whenH ∼ r−1
c ,

one finds an asymptotically self-accelerating solution,H →H∞ = r−1
c , even though there

is no cosmological constant or vacuum energy term in the action. For acceleration to set
in at recent epochs requires the five-dimensional gravitational scale to be of orderM5∼ 1
GeV. While attractive, it is not clear that a consistent model with this dynamical behavior
exists [93].



In the phenomenological approach, one modifies the Einstein-Hilbert action,

S=
∫

d4x
√

|detg|R→
∫

d4x
√

|detg|
[

M2
PlR+ f (R,Rµν ,Rµναβ )

]

, (32)

and looks for suitable choices off (R, ...) that induce late acceleration [91, 92]. A
challenge for this approach is that the physical effects which typically give rise to
corrections to the gravitational action, e.g., the effectsof quantum fields in curved
spacetime, generally involve positive quadratic forms, e.g., f (R)∼ R2+ .... In that case,
by dimensional analysis, the correction is only important at very high values of the
curvature,R∼ M2

Pl. To obtain effects at very low curvature, i.e., late cosmic epochs,
requires inverse powers of the curvature invariants entering in f . Solar system tests of
General Relativity place stringent constraints on such models.

An interesting feature of modified gravity theories is that they typically imply a
modification of the General Relativity relationship between the growth rate of large-
scale density perturbations,δ ≡ δρm(x, t)/ρ̄m, and the cosmic expansion rateH(t).
In General Relativity, the growth of small-amplitude, matter-density perturbations on
scales smaller than the Hubble radius is governed by

δ̈ +2Hδ̇ −4πGρ̄mδ = 0 . (33)

In the context of General Relativity, dark energy affects the growth of structure through
its impact on the expansion rateH. If acceleration instead arises from a modification
of General Relativity, those modifications lead to additional terms in Eqn. 33 that can
directly affect the growth rate of large-scale structure. As a result, comparing probes
of the expansion rate, e.g., through cosmic distance measurements, with probes of the
growth rate of large-scale structure can in principle test the consistency of General
Relativity (plus dark energy) as the explanation for acceleration.

Anthropocentric Universe

Instead of modifying the right or left side of the Einstein equations to explain the
supernova observations, a third logical possibility is to drop the assumption that the
Universe is spatially homogeneous on large scales. It has been argued that the non-
linear gravitational effects of spatial density perturbations, when averaged over large
scales, could yield a distance-redshift relation in our observable patch of the Universe
that is very similar to that for an accelerating, homogeneous Universe [94], obviating
the need for either dark energy or modified gravity. While there has been debate about
the amplitude of these effects, this idea has helped spark renewed interest in a class
of exact, inhomogeneous cosmologies. For such Lemaître-Tolman-Bondi models to be
consistent with the SN data and not conflict with the isotropyof the CMB, the Milky
Way must be near the center of a very large-scale, nearly spherical, underdense region
[95, 96, 97]. Requiring our galaxy to occupy a privileged location, in violation of the
spirit of the Copernican principle, is not yet theoretically well-motivated. However, it
remains an interesting empirical question whether such models can be made consistent
with the wealth of precision cosmological data [98].



PROBING DARK ENERGY AND COSMIC ACCELERATION

Although the phenomenon of accelerated expansion is now well established, the un-
derlying physical cause remains a mystery. Is it dark energyor modified gravity? The
primary question we would like to address in the near term is whether the cosmological
constant (or vacuum energy) can be excluded as the explanation of acceleration: is Gen-
eral Relativity plus dark energy withw = −1 viable or not? Such a model is consistent
with all the extant data, so the possibility of excluding it will require much more precise
measurements of both the history of the cosmic expansion rate and the history of the
growth of large-scale structure. To illustrate the challenge, consider that for fixedΩDE, a
1% change in (constant)w translates to only a 3% (0.3%) change in dark-energy (total)
density at redshiftz= 2 and only a 0.2% change in distances to redshiftsz= 1−2.

Four methods hold particular promise in probing cosmic acceleration: type Ia super-
novae, baryon acoustic oscillations, clusters of galaxies, and weak gravitational lensing.
We have described SNe and BAO above; they both provide geometric probes of the ex-
pansion rate. Clusters and weak lensing, which we discuss below, are sensitive to both
the expansion rate and the growth of structure. As a result, these four probes are com-
plementary in terms of both dark energy constraints as well as the systematic errors to
which they are susceptible. Because of this, a multi-pronged approach will be most ef-
fective. The goals of the next generation of dark energy experiments will be to constrain
the dark energy equation of state parameterw at the few percent level in order to address
the questions above.

Clusters

Galaxy clusters are the largest virialized objects in the Universe. Within the context
of the cold dark matter paradigm for the formation of large-scale structure, the number
density of cluster-sized dark matter halos as a function of redshift and halo mass can be
accurately predicted from N-body simulations [99, 100]. Comparing these predictions
to large-area cluster surveys that extend to high redshift (z∼ 1) can provide precise
constraints on the cosmic expansion history [101, 102].

The redshift distribution of clusters in a survey that selects clusters according to some
observableO with redshift-dependent selection functionf (O,z) is given by

d2N(z)
dzdΩ

=
r2(z)
H(z)

∫ ∞

0
f (O,z)dO

∫ ∞

0
p(O|M,z)

dn(z)
dM

dM , (34)

where dn(z)/dM is the space density of dark halos in comoving coordinates, and
p(O|M,z) is the mass-observable relation, the probability that a halo of massM at red-
shift z is observed as a cluster with observable propertyO. The utility of this probe
hinges on the ability to robustly associate cluster observables such as X-ray luminosity
or temperature, cluster galaxy richness, Sunyaev-Zel’dovich effect flux decrement, or
weak lensing shear, with cluster mass [e.g., 103].

The sensitivity of cluster counts to dark energy arises fromtwo factors:geometry, the
term multiplying the integral in Eqn. (34) is the comoving volume element; andgrowth



FIGURE 9. Predicted cluster counts for a survey covering 4,000 sq. deg. that is sensitive to halos more
massive than 2×1014M⊙, for 3 flat cosmological models with fixedΩm = 0.3 andσ8 = 0.9. Lower panel
shows differences between the models relative to the statistical errors. From Mohr [104].

of structure, dn(z)/dM depends on the evolution of density perturbations, cf. Eqn.33.
The cluster mass function is also determined by the primordial spectrum of density
perturbations; its near-exponential dependence upon massis the root of the power of
clusters to probe dark energy.

Fig. 9 shows the sensitivity to the dark energy equation of state parameter of the
expected cluster counts for the South Pole Telescope and theDark Energy Survey. At
modest redshift,z< 0.6, the differences are dominated by the volume element; at higher
redshift, the counts are most sensitive to the growth rate ofperturbations.

The primary systematic concerns for the cluster method are uncertainties in the mass-
observable relationp(O|M,z) and in the selection functionf (O,z). The strongest cos-
mological constraints arise for those cluster observablesthat are most strongly corre-
lated with mass, i.e., for whichp(O|M,z) is narrow for fixedM, and which have a
well-determined selection function. There are several independent techniques both for
detecting clusters and for estimating their masses using observable proxies. Future sur-
veys will aim to combine two or more of these techniques to cross-check cluster mass
estimates and thereby control systematic error. Measurement of the spatial correlations
of clusters and of the shape of the mass function provide additional internal calibration
of the mass-observable relation [105, 106].

Weak Lensing

The gravitational bending of light by structures in the Universe distorts or shears the
images of distant galaxies. This distortion allows the distribution of dark matter and
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FIGURE 10. Cosmic shear angular power spectrum and statistical errorsexpected for LSST forw=−1
and−0.9. For illustration, results are shown for source galaxies in two broad redshift bins,zs = 0−1 (first
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without the statistical errors. From Frieman et al. [13].

its evolution with time to be measured, thereby probing the influence of dark energy
on the growth of structure. The statistical signal due to gravitational lensing by large-
scale structure is termed “cosmic shear.” The cosmic shear field at a point in the sky
is estimated by locally averaging the shapes of large numbers of distant galaxies. The
primary statistical measure of the cosmic shear is the shearangular power spectrum
measured as a function of source-galaxy redshiftzs. (Additional information is obtained
by measuring the correlations between shears at different redshifts or with foreground
lensing galaxies.) The shear angular power spectrum is [107, 108]

Pγ
ℓ (zs) =

∫ zs

0
dz

H(z)

d2
A(z)

|W(z,zs)|
2Pρ

(

k =
ℓ

dA(z)
;z

)

, (35)

whereℓ denotes the angular multipole, the weight functionW(z,zs) is the efficiency for
lensing a population of source galaxies and is determined bythe distance distributions of
the source and lens galaxies, andPρ(k,z) is the power spectrum of density perturbations.

As with clusters, the dark-energy sensitivity of the shear angular power spectrum
comes from two factors:geometry—the Hubble parameter, the angular-diameter dis-
tance, and the weight functions; andgrowth of structure—through the evolution of the
power spectrum of density perturbations. It is also possible to separate these effects
and extract a purely geometric probe of dark energy from the redshift dependence of
galaxy-shear correlations [109, 110]. The three-point correlation of cosmic shear is also
sensitive to dark energy [111].



The statistical uncertainty in measuring the shear power spectrum on large scales is
[107]

∆Pγ
ℓ =

√

2
(2ℓ+1) fsky

[

Pγ
ℓ +

σ2(γi)

neff

]

, (36)

where fsky is the fraction of sky area covered by the survey,σ2(γi) is the variance in a
single component of the (two-component) shear, andneff is the effective number density
per steradian of galaxies with well-measured shapes. The first term in brackets, which
dominates on large scales, comes from cosmic variance of themass distribution, and
the second, shot-noise term results from both the variance in galaxy ellipticities (“shape
noise”) and from shape-measurement errors due to noise in the images. Fig. 10 shows
the dependence on the dark energy of the shear power spectrumand an indication of the
statistical errors expected for a survey such as that planned for LSST, assuming a survey
area of 15,000 sq. deg. and effective source galaxy density of neff = 30 galaxies per sq.
arcmin.

Systematic errors in weak lensing measurements arise from anumber of sources
[112]: incorrect shear estimates, uncertainties in galaxyphotometric redshift estimates,
intrinsic correlations of galaxy shapes, and theoretical uncertainties in the mass power
spectrum on small scales. The dominant cause of galaxy shapemeasurement error in
current lensing surveys is the anisotropy of the image pointspread function (PSF) caused
by optical and CCD distortions, tracking errors, wind shake, atmospheric refraction, etc.
This error can be diagnosed since there are geometric constraints on the shear patterns
that can be produced by lensing that are not respected by systematic effects. A second
kind of shear measurement error arises from miscalibrationof the relation between
measured galaxy shape and inferred shear, arising from inaccurate correction for the
circular blurring of galaxy images due to atmospheric seeing. Photometric redshift errors
impact shear power spectrum estimates primarily through uncertainties in the scatter
and bias of photometric redshift estimates in redshift bins[112, 113]. Any tendency of
galaxies to align with their neighbors — or to align with the local mass distribution
— can be confused with alignments caused by gravitational lensing, thus biasing dark
energy determinations [114, 115]. Finally, uncertaintiesin the theoretical mass power
spectrum on small scales could complicate attempts to use the high-multipole (ℓ >
several hundred) shear power spectrum to constrain dark energy. Fortunately, weak
lensing surveys should be able to internally constrain the impact of such effects [116].

DARK ENERGY PROJECTS

A diverse and ambitious set of projects to probe dark energy are in progress or being
planned. Here we provide a brief overview of the observational landscape. Table 1
provides a representative sampling, not a comprehensive listing, of projects that are
currently proposed or under construction and does not include experiments that have
already reported results. All of these projects share the common feature of surveying
wide areas to collect large samples of objects — galaxies, clusters, or supernovae.

The Dark Energy Task Force (DETF) report [117] classified dark energy surveys into
an approximate sequence: on-going projects, either takingdata or soon to be taking



data, are Stage II; near-future, intermediate-scale projects are Stage III; and larger-scale,
longer-term future projects are designated Stage IV. More advanced stages are in general
expected to deliver tighter dark energy constraints.

Ground-based surveys

A number of projects are underway to detect clusters and probe dark energy using
the Sunyaev-Zel’dovich effect. These surveys are coordinated with optical surveys that
can determine cluster redshifts. The Atacama Pathfinder EXperiment (APEX) survey in
Chile will cover up to 1000 square degrees. The largest of these projects are the Atacama
Cosmology Telescope (ACT) and the South Pole Telescope (SPT), the latter of which
will carry out a 4,000 square degree survey.

A number of optical imaging surveys are planned or proposed which can study dark
energy through weak lensing, clusters, and angular BAO using a single wide-area survey.
These projects use telescopes of intermediate to large aperture and wide field-of-view,
gigapixel-scale CCD cameras, and are deployed at the best astronomical sites in order
to obtain deep galaxy photometry and shape measurements. They deliver photometric-
redshift information through color measurements using multiple passbands. The ESO
VLT Survey Telescope (VST) on Cerro Paranal will carry out public surveys, including
the 1500 sq. deg. KIDS survey and a shallower, 5000 sq. deg. survey (ATLAS). The
Panoramic Survey Telescope and Rapid Response System (Pan-STARRS)-1 uses a 1.8-
m wide-field telescope to carry out several wide-area surveys from Haleakala; in the
future, they hope to deploy 4×1.8-m telescopes at Mauna Kea in Pan-STARRS-4. The
Dark Energy Survey (DES) will use a new 3 sq. deg. imager with red-sensitive CCDs on
a 4-m telescope at Cerro Tololo Inter-American Observatory(CTIO) in Chile to carry
out a 5,000 sq. deg. survey in 5 optical passbands, covering the same survey area as
the SPT and partnering with the ESO VISTA Hemisphere Survey which will survey
the same area in 3 near-infrared bands. Hyper Suprime-Cam isa new wide-field imager
planned for the Subaru telescope on Mauna Kea that will be used to carry out a deep
survey over 2000 sq. deg. The Advanced Liquid-mirror Probe of Asteroids, Cosmology
and Astrophysics (ALPACA) is a proposed rotating liquid mercury telescope that would
repeatedly survey a long, narrow strip of the sky at CTIO. Themost ambitious of these
projects is the Large Synoptic Survey Telescope (LSST), which would deploy a multi-
Gigapixel camera with 10 sq. deg. field-of-view on a new telescope on Cerro Pachon in
Chile to survey 15,000 sq. deg. over 10 years.

Several large spectroscopic surveys have been designed to detect baryon acoustic
oscillations by measuring∼ 105−109 galaxy and QSO redshifts using large multi-fiber
spectrographs. WiggleZ is using the Anglo-Australian Telescope to collect spectra of
400,000 galaxies in the redshift range 0.5 < z< 1. The Baryon Oscillation Sky Survey
(BOSS) will use the SDSS telescope in New Mexico to measure galaxy spectra out
to z∼ 0.6. The Hobby Eberly Telescope Dark energy EXperiment (HETDEX) plans
to target Ly-α emitters at higher redshift, 2< z < 4. The Wide-Field Multi-Object
Spectrograph (WFMOS), proposed for the Subaru telescope, would target galaxies at
z < 1.3 and Lyman-break galaxies at 2.5 < z < 3.5. The Physics of the Accelerating



TABLE 1. Dark energy projects proposed or under construction. Stagerefers to the
DETF time-scale classification.

Survey Description Probes Stage

Ground-based:
ACT SZE, 6-m CL II
APEX SZE, 12-m CL II
SPT SZE, 10-m CL II
VST Optical imaging, 2.6-m BAO,CL,WL II
Pan-STARRS 1(4) Optical imaging, 1.8-m(×4) All II(III)
DES Optical imaging, 4-m All III
Hyper Suprime-Cam Optical imaging, 8-m WL,CL,BAO III
ALPACA Optical imaging, 8-m SN, BAO, CL III
LSST Optical imaging, 6.8-m All IV
AAT WiggleZ Spectroscopy, 4-m BAO II
HETDEX Spectroscopy, 9.2-m BAO III
PAU Multi-filter imaging, 2-3-m BAO III
SDSS BOSS Spectroscopy, 2.5-m BAO III
WFMOS Spectroscopy, 8-m BAO III
HSHS 21-cm radio telescope BAO III
SKA km2 radio telescope BAO, WL IV

Space-based:
JDEM Candidates
ADEPT Spectroscopy BAO, SN IV
DESTINY Grism spectrophotometry SN IV
SNAP Optical+NIR+spectro All IV

Proposed ESA Missions
Euclid Imaging & spectroscopy WL, BAO, CL
eROSITA X-ray CL

CMB Space Probe
Planck SZE CL

Beyond Einstein Probe
Constellation-X X-ray CL IV

Universe (PAU) is a Spanish project to deploy a wide-field camera with a large number
of narrow filters to measure coarse-grained galaxy spectra out toz= 0.9.

Finally, the proposed Square Kilometer Array (SKA), an array of radio antennas
with unprecedented collecting area, would probe dark energy using baryon acoustic
oscillations and weak lensing of galaxies via measurementsof the 21-cm line signature
of neutral hydrogen (HI). The Hubble Sphere Hydrogen Survey(HSHS) aims to carry
out a 21-cm BAO survey on a shorter timescale.

Space-based surveys

Three of the proposed space projects are candidates for the Joint Dark Energy Mission
(JDEM), a joint mission of the U.S. Department of Energy (DOE) and the NASA Be-
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yond Einstein program, targeted at dark energy science. SuperNova/Acceleration Probe
(SNAP) proposes to study dark energy using a dedicated 2-m class telescope. With imag-
ing in 9 optical and near-infrared passbands and follow-up spectroscopy of supernovae,
it is principally designed to probe SNe Ia and weak lensing, taking advantage of the ex-
cellent optical image quality and near-infrared transparency of a space-based platform.
Fig. 11 gives an illustration of the statistical constraints that the proposed SNAP mis-
sion could achieve, by combining SN and weak lensing observations with results from
the Planck CMB mission. The Dark Energy Space Telescope (DESTINY) would use a
similar-size telescope with a near-infrared grism spectrograph to study supernovae. The
Advanced Dark Energy Physics Telescope (ADEPT) is a spectroscopic mission with the
primary goal of constraining dark energy via baryon acoustic oscillations atz∼ 2 as well
as supernovae. Another proposed mission within the NASA Beyond Einstein program
is Constellation-X, which could observe X-ray clusters with unprecedented sensitivity.

There is one European Space Agency (ESA) mission nearing launch and two concepts
under study. The Planck mission, planned for launch in early2009, in addition to pinning
down other cosmological parameters important for dark energy, will detect thousands of
galaxy clusters using the SZE. Dark Universe Explorer (DUNE) and SPACE are optical
missions to study dark energy using weak lensing and baryon acoustic oscillations,
respectively, that have recently been combined into a single concept mission known
as Euclid. Finally, the extended ROentgen Survey with an Imaging Telescope Array
(eROSITA), a German-Russian collaboration, is a planned X-ray telescope that will
study dark energy using the abundance of X-ray clusters.



CONCLUSION

The case for an accelerating Universe, which began with the supernova discoveries
ten years ago, has strengthened into a compelling web of evidence in the years since.
The simplest explanation for acceleration is dark energy, and the simplest candidate for
dark energy is vacuum energy—the cosmological constant. However, given the lack
of understanding of the cosmological constant problem, therelative dearth of well-
motivated models, and the fact that the Universe likely underwent a previous epoch of
accelerated expansion (primordial inflation), it is best tokeep an open mind and rely on
experiment as a guide to illuminating the underlying cause.Probing the history of cosmic
expansion and of the growth of structure offers the best hopeof pointing us down the
correct path. An impressive array of experiments with that aim are underway or planned,
exploiting four primary, complementary techniques of probing cosmic acceleration:
supernovae, baryon acoustic oscillations, clusters, and weak lensing. Exploiting the
complementarity of these multiple probes will be key, sincewe do not know what
the ultimate systematic error floors for each method will be.Ten to fifteen years from
now, we should know whether the effective dark energy equation of state parameter
is consistent with vacuum energy, that is,w = −1, to within a few percent, or not.
The Chinese origin of the phrase “may you live in interestingtimes” is apparently
unsubstantiated. Let us hope that also calls into doubt the third part of the same proverb,
“may you find what you are looking for”, since the alternativewould certainly be more
interesting.
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