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After a short introduction to the equations of FLRW Cosmology, I re-
view the four main techniques used to understand observationally the prop-
erties of dark energy in turn, followed by a short summary of the current
understanding of the subject. I �nalize with a description of a few of the
main dark-energy oriented surveys that are going to take place in the near
future.

PACS numbers: 95.36.+x, 98.80.�k, 98.80.Cq

1. Introduction

In 1998, the study of the redshift-luminosity relation (Hubble diagram)
for near-by and distant supernovae [1, 2] provided the �smoking gun� for
the accelerated expansion of the universe and the existenceof the mech-
anism that drives it, code-named �dark energy�. Since then,more super-
nova plus Cosmic Microwave Background (CMB) and Large Scale Structure
(LSS) measurements have con�rmed that we live in an accelerating uni-
verse. All observations can be explained within a �at Friedmann�Lemaître�
Robertson�Walker (FLRW) universe which is made of about 75%dark en-
ergy, about 20% dark matter and less than 5% ordinary matter. While
candidates for dark matter abound, the nature of dark energyis much more
mysterious. It could be Einstein's cosmological constant,a new dynamical
�eld (�quintessence�), or nothing at all, and we would have to modify the
equations of General Relativity (�modi�ed gravity�).

The US Dark Energy Task Force (DETF) report published in 2006[3]
highlighted four techniques (galaxy clustering and, in particular, baryonic
acoustic oscillations (BAO); galaxy cluster counts; type-Ia supernovae as dis-
tance indicators; and weak gravitational lensing) that show the most promise
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in unveiling the mystery of the nature of the dark energy component of the
universe that drives its current accelerated expansion. Each technique has
its own strengths and weaknesses. Combining them it is possible to both
gain statistical sensitivity by breaking parameter degeneracies of individual
probes and be more robust to systematic e�ects.

Two of the techniques (supernovae and BAO) are purely geometrical,
while the other two (weak lensing and clusters) probe both the geometry
of the universe and its dynamics through structure growth. Bycombining
probes of the two kinds one hopes to disentangle the e�ects ofmodi�ed
gravity from those of true dark energy.

The outline of this note is as follows. In Section 2 we brie�y recall the
equations of FLRW cosmology, while we discuss the four techniques in turn
in Section 3. The current status of knowledge of dark energy is given in
Section 4. Some of the proposed future surveys are reviewed in Section 5.

2. Cosmology

Assuming that the universe is homogeneous and isotropic at large scales
leads to the Friedman�Lemaître�Robertson�Walker (FLRW) u niverse de-
�ned by the metric ds2 = dt2 � a2(t)(dr2=(1 � kr 2) + r 2(d� 2 + sin 2 �d� 2)) ,
wheret is the proper time and (r; �; � ) are co-moving coordinates. For a �at
universe, that we will assume in most of the following,k = 0 . For the FLRW
metric, Einstein's �eld equations of general relativity reduce to the so-called
Friedman�Lemaître equations:

•a
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= �
4�G
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(� + 3p) ; (2.1)
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From the �rst equation, it is clear that in order for the expan sion of the
universe to accelerate (•a > 0), it is necessary that � + 3p < 0, or w < � 1=3.

Since both � and p evolve with time, in order to solve for a(t) we need
an extra equation. This can be the equation of state for each component
of the universe, relating its energy density with its pressure. For matter
(ordinary or dark), p = 0 , so w = 0 . For radiation, we have the relativistic
gas relationshipp = �= 3, sow = 1=3. For the cosmological constant one has
p = � � , or w = � 1. Assuming a �at universe, Eqs. (2.1), (2.2) can be used
to obtain the relationship

d�
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= � 3(1 + w)
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; (2.3)
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from which, assuming a constant equation of statew, one gets:

� = � 0a� 3(1+ w) ; (2.4)

which results in � = � 0a� 3 = � 0(1+ z)3 for matter, � = � 0a� 4 = � 0(1+ z)4 for
radiation, and � = � 0 for a cosmological constant. Introducing the Hubble
parameter H = _a=a and de�ning the critical density as � c = 3H0=8�G ,
where H0 is the Hubble parameter now, we can cast Eq. (2.2) as

H 2 = H 2
0

h

 M (1 + z)3 + 
 r (1 + z)4 + 
 DE (1 + z)3(1+ wDE )

i
; (2.5)

where we have introduced the current normalized densities
 i � � i
0=� c, for

i = M (matter), r (radiation) and DE (dark energy). The term prop ortional
to 
 r can be safely neglected for all purposes, at least for moderate values of
z (z < 5000). It is clear from this equation that by measuring H at di�erent
times (the history of the expansion of the universe as provided by type-Ia
SNe), one can learn about the properties of the constituentsof the universe,

 M ; 
 DE ; wDE , etc.

3. Four techniques

3.1. Supernovae

Observationally, type-Ia supernovae are de�ned as supernovae without
any hydrogen lines in their spectrum, but with a prominent, broad silicon
absorption line (Si-II) at about 600 nm in the supernova restframe. The
progenitor is understood to be a binary system in which a white dwarf (no
hydrogen) accrets material from a companion star (possiblyanother white
dwarf). The process continues until the mass of the white dwarf approaches
the Chandrasekhar limit, at which point a thermonuclear runaway explosion
is triggered.

The fact that all type-Ia SNe have a similar mass1 helps explain their
remarkably homogeneity. Type-Ia SNe are very homogeneous in luminosity,
color, spectrum at maximum light, etc. Only small and correlated variations
of these quantities are observed. They are very bright events with absolute
magnitude in the B -band reaching M B � � 19:5 at maximum light. The
raise time and decay time of their light curve (magnitude as afunction of
time) are, respectively, 15�20 days and� 2 months, in the SN rest frame.

In 1992 Mark Phillips [5] found that for near-by SNe there wasa clear
correlation between their intrinsic brightness at maximum light and the du-
ration of their light curve, so that brighter SNe last longer (see Fig. 1).

1 See [4] for an intriguing exception.
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Fig. 1. B -band light curves of the Calán/Tololo type-Ia supernova sample before
any duration-magnitude correction.

Several empirical techniques [6�9] have been developed since then to make
use to this correlation to turn type-Ia SNe into standard candles, with a dis-
persion on their peak magnitude of only 0.10�0.15 mag, corresponding to
a precision of about 5�7% in distance, and, therefore, in lookback time to
the explosion. Fig. 2 shows the same SNe light curves of Fig. 1after apply-
ing the �stretch� technique of [6], so called because it basically amounts to
a simple stretching of the time axis, showing the good uniformity achieved.

Fig. 2. Same light curves of Fig. 1 after applying the �stretch� duration-magnitude
correction of Ref. [6].
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While light-curves are determined with photometric measurements in
several broadband �lters, spectroscopy near maximum lightserves the dual
purpose of unambiguously identifying the object as a type-Ia SN and at the
same time determining its redshift. Both goals are achieved by comparing
the measured spectrum to templated spectra from well-measured near-by
type-Ia supernovae. The key feature of the spectrum is the Si-II absorption
line, whose detection identi�es the SN as a type Ia, and whoseposition
determines the redshift. Fig. 3 shows spectra of three supernovae: from top
to bottom, a type II, a type Ia, and a type Ic . The Si-II feature can be seen
clearly in the type-Ia spectrum.

Fig. 3. Measured spectra of three supernovae. From top to bottom: type II, type
Ia, type Ic. The Si-II feature identifying a type-Ia SNe is clearly visible in the
middle spectrum at about 600 nm.

3.1.1. The Hubble diagram

Once the stretch-corrected magnitude and redshift are determined, the
supernova can be put into a Hubble diagram in order to measurethe cosmo-
logical parameters. The Hubble diagram is a plot of measuredmagnitude
versus redshift. Since the apparent magnitude of a standard candlegives
us its distance and the timet at which the light was emitted, and the red-
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shift gives the cosmic expansion parametera(t), a Hubble diagram popu-
lated with SNe at di�erent distances gives us the history of the expansion
of the universe. Since the expansion rate of the universe is determined by
its matter-energy content, it is clear that type-Ia SNe can tell us about the
properties of the contents of the universe, and, in particular, of the dark
energy component.

Standard candles (or, in the case of type-Ia SNe, �standardizable� can-
dles) provide a measurement of the luminosity distancedL as a function
of redshift. dL can be de�ned through the relation � = L

4�d 2
L

, where L

is the intrinsic luminosity, and � the �ux, so that dL is the �equivalent
distance� in a Euclidean, non-expanding universe. It is easy to see that
dL (z) = (1 + z) r (z), where r (z) is the co-moving distance to the source at
redshift z. Recalling that light travels in geodesics (ds2 = 0), we can easily
compute r (z) from the FLRW metric as

r (z) =

2Z

1

dr =

2Z

1

dt
a

=

2Z

1

da
a_a

=

zZ

0

dz0

H (z0)
; (3.1)

where for simplicity we have assumed a �at universe. Astronomers measure
�uxes as apparent magnitudes:

m(z) � � 2:5 log (�=� 0) = M + 5 log [H0dL (z)] ; (3.2)
M � M + 25 � 5 log

�
H0=100 kms� 1Mpc� 1�

;

where M is the (assumed unknown) absolute magnitude of a type-Ia SN,
related to � 2:5 logL . The �ux � 0 de�nes the zero point of the magnitude
system used. It should become clear from Eqs. (3.1) and (2.5)that, con-
trary to the appearances, Eq. (3.2) does not depend onH0. An example of
a Hubble diagram can be seen in Fig. 4. By measuring apparent magnitudes
and redshifts from a set of type-Ia supernovae, one can measure di�erent
integrals of H0=H(z), which according to Eq. (2.5) are sensitive to the cos-
mological parameters. Note that in the standard cosmological analysesM
is considered a nuisance parameter and it is determined simultaneously from
the data.

The goal of the near-future type-Ia supernova surveys is to help de-
termine the properties of the dark energy component of the universe, as
encoded in its equation of state parameterw � p=� , where p is its pressure
and � its energy density. The equation of state parameter is customarily
parametrized as [10, 11]w(z) = w0 + wa (1 � a), where w0 is the equation
of state parameter now (which has to ful�ll w0 < � 1=3 in order to drive
the current accelerated expansion of the universe), andwa = � dw=dln aj0
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Fig. 4. Example of apparent magnitudeversusredshift Hubble diagram, from the
1998 Supernova Cosmology Project results [1].

is a measure of the current rate of change ofw with time. Here z is the
redshift and a = (1 + z) � 1 is the expansion parameter of the universe, with
the current value being a0 = 1 , corresponding to z = 0 . For a cosmolog-
ical constant, we havew0 = � 1, wa = 0 . A �rst goal is to determine w0
and wa with enough accuracy to establish whether the dark energy is�just�
a cosmological constant or it has a dynamical origin.

3.1.2. Systematic uncertainties

The reach in w0 and wa in current and future high-statistics type-Ia SNe
surveys is already limited by systematic uncertainties. A lot of e�ort is being
put in gathering well-measured (both photometrically and spectroscopically)
samples of near-by SNe [12,13] in order to study their properties in detail and
constrain the systematic uncertainties. In designing new surveys it is of the
utmost importance to pay attention to systematics. Predictions based solely
on statistical reach are doomed to be proved over-optimistic and misleading
when data arrive.

The statistical uncertainties in the Hubble diagram are dominated by
the intrinsic supernova peak magnitude dispersion� int = 0 :10�0.15. Since
this error is uncorrelated from supernova to supernova, in aredshift bin
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with O(100) SNe (a quantity most current and all near-future surveys will
achieve), the statistical error will be � stat =0 :01�0.02. Since many systematic
uncertainties are expected to be fully correlated for SNe atsimilar redshifts,
but uncorrelated otherwise, it is clear that systematic errors of the order of
a few per cent will be important, and, in many cases, already dominant.

A comprehensive study of systematic errors a�ecting type-Ia SNe dis-
tance measurements can be found in [14]. We will only cover the more
relevant ones in the following.

Dust in the path between the supernova and the telescope attenuates
the amount of light measured. Milky Way dust is well measuredand under-
stood [15], while intergalactic dust has a negligible e�ect. In contrast, dust
in the supernova host galaxy can lead to a substantial dimming of the SN
light. Ordinary dust absorbs predominantly in the blue, leading to a red-
dening of the SN colors. The amount of reddening can be measured, and
from it, the amount of extinction can be determined, provided the extinction
law (extinction as a function of wavelength) is known. The usual extinction
law [16] reads:

mj ! mj + AV

�
a(� j )+

b(� j )
RV

�
= mj + E(B � V ) (RV a(� j )+ b(� j )) ; (3.3)

whereE(B � V ) is the excessB � V color over the expected one,RV � 3:1 in
near-by galaxies is sometimes called the extinction law,AV = RV E(B � V )
is the increase in magnitude in theV-band due to dust, a(� ) and b(� ) are
known functions, with a(� V ) = 1 , b(� V ) = 0 , and all wavelengths are in
the SN rest frame. In order to correctmj we need to knowE(B � V ) and
RV . The former can be determined from photometry in at least twobands.
The latter is more complicated. Although it can in principle be measured
directly from three-band photometry, in practice, the lever-arm is limited.
Furthermore, current surveys do not have precision photometry in three
bands for all their SNe. Several alternative approaches have been used in
the literature. Riesset al. [17] assumeRV = 3 :1 everywhere; Astieret al. [18]
instead determine one single e�ectiveRV for all their distant SNe, �nding
a much lower valueRV = 0 :57 � 0:15. However, this parameter e�ectively
includes any other e�ect that might correlate SN color and magnitude. The
proposed SNAP satellite mission [19] with its nine �lters will determine RV
for each SN independently, since it will have precision optical and near-
infrared photometry for all their SNe in at least three and up to nine bands.
Clearly, given the uncertainties on the value ofRV in distant galaxies, this
looks like the most conservative approach.

Alternatively, surveys can restrict themselves to SNe withlow extinction,
signaled either by their low measured values ofE(B � V ) or by its location
in an old elliptical galaxy where star formation has long ceased and dust
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presence is minimal. Fig. 5 shows aw0� wa contour plane with the quali-
tative e�ect of dust correction through measurement of AV and RV from
data (which increases the contour size signi�cantly), and of uncorrected dust
biases (which displace the contour).

Fig. 5. Example of the increase of errors due to dust extinction correction, and of
biases due to uncorrected extinction.

�Gray� dust, with an e�ective RV ! 1 , had been postulated as an ex-
planation for the observed dimming of SNe at large redshift.The correction
method outlined above would not work for a dust that would dim equally all
wavelengths. However, natural models of gray dust would lead to dimming
of all SNe at all redshifts. This has been excluded by [17, 20], which have
observed SNe at redshifts beyondz = 1 and found them to be brighter,
not dimmer, than expected by models without dark energy, andin perfect
agreement with the prediction of the �concordance� model: 
 M � 0:25,

 � � 0:75.

Flux calibration (the determination of the zero points � 0;j for each �l-
ter j ) can be another important source of systematic errors. While the
overall normalization is irrelevant (since it can be absorbed in the unknown
parameter M in Eq. (3.2)), the relative �lter-to-�lter normalizations are
crucial, as they in�uence, for instance, the determination of colors, which
are needed for the dust-extinction corrections (as we saw inthe previous
section), K -corrections, etc.
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The standard procedures use well-understood stars or laboratory light
sources to achieve values of� cal around few per cent in �ux. A comple-
mentary procedure has been presented in [21] which uses supernova data
themselves to achieve a large degree of self-calibration. For example, Fig. 6
show that for a �ducial survey close to the SNAP mission speci�cations, the
procedure of [21] achieves an e�ective factor 5 reduction incalibration error.
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Fig. 6. E�ect of self-calibration in a survey similar to the o ne proposed by the SNAP
collaboration. Using the procedure in [21] and assuming an external calibration
error of 0.005 is roughly equivalent to using the standard procedure with an external
error of 0.001.

3.2. Weak lensing

The weak lensing technique is based on the statistics of the distortion
(�shear�) of the shape of distant galaxies produced by intervening dark mat-
ter. The e�ect depends on the distances between background galaxies, lenses
and observer and, hence, on the geometry of the universe, butalso on the
foreground mass distribution, which depends on the growth of structure.
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The e�ect is tiny and therefore huge surveys measuring shapes of close
to a billion galaxies with absolute precisions of order 0.01are needed. The
main systematic worry is the very accurate knowledge of the Point Spread
Function (PSF) of the system that is needed. In this regard, projects on
satellites have a de�nitive advantage over ground-based surveys, which have
to deal with changing atmospheric conditions.

Since weak lensing is a statistically very powerful dark energy probe, if
it can be proven that systematic e�ects (particularly those related to the
PDF) are under control, weak lensing might be the ultimate technique for
determining the nature of dark energy.

3.3. BAO

Baryon Acoustic Oscillations are produced by acoustic wavesin the
photon�baryon plasma generated by primordial perturbations [22]. At re-
combination (z � 1100), the photons decouple from the baryons and start
to free stream, whereas the pressure waves stall. As a result, baryons ac-
cumulate at a �xed distance from the original overdensity. This distance is
equal to the sound horizon length at the decoupling time,rBAO . The re-
sult is a peak in the galaxy�galaxy correlation function at the corresponding
scale. First detections of this excess were recently reported, at a signi�-
cance of about three standard-deviations, both in spectroscopic [23�25] and
photometric [26] galaxy redshift surveys. Fig. 7, taken from [23], shows the
galaxy�galaxy correlation function using Luminous Red Galaxies (LRGs),
with the prominent BAO peak.

The comoving BAO scale is accurately determined by CMB observations
(rBAO = 146:8 � 1:8 Mpc for a �at � CDM Universe [27]), and constitutes
a �standard ruler� of known physical length. The existence of this natural
standard ruler, measurable at di�erent redshifts, makes itpossible to probe
the expansion history of the universe, and thereby the universe geometry
and dark energy properties (see,e.g., [28,29] and references therein), much
like standard candles like type-Ia SNe do. This motivates the present e�orts
to measure BAOs (e.g., [30�38]).

Broad-band photometric galaxy surveys can measure the angular scale of
rBAO in several redshift shells, thereby determining(1+ z)dA (z)=rBAO , where
dA (z) is the angular distance to the shell at redshiftz. If galaxy redshifts
can be determined precisely enough, the BAO scale can also be measured
along the line of sight, providing a direct measurement of the instantaneous
expansion rate, the Hubble parameter (or actually ofH (z) rBAO ), at di�erent
redshifts. The direct determination of H (z) distinguishes the BAO method
from other methods. In addition, since systematic errors a�ect the radial
and tangential measurements in di�erent ways, the consistency between the
measured values ofH (z) and dA (z) o�ers a test of the results.
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Fig. 7. The galaxy�galaxy correlation function measured using LRGs from the
SDSS spectroscopic sample [23]. The BAO peak is clearly seenat about 100 Mpc/h.

As a rule of thumb, in order to get the same sensitivity to the dark-energy
parameters, a galaxy redshift survey capable of exploitingthe information
along the line of sight needs to cover only� 10% of the volume covered
by a comparable survey that detects the scale in the transverse direction
only [39].

Large volumes have to be surveyed in order to reach the statistical ac-
curacy needed to obtain relevant constraints on dark-energy parameters.
Enough galaxies must be observed to reduce the shot noise well below the
irreducible component due to sampling variance. The usefulness of the corre-
lation along the line of sight favors spectroscopic redshift surveys that obtain
very accurate redshifts, but the need for a large volume favors photometric
redshifts that can reach down to fainter galaxies. Both approaches are being
pursued actively around the world.
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3.4. Clusters

Galaxy clusters are the largest collapsed structures in theuniverse. Their
mass density functiondn=dV dM can be predicted and it depends on dark
energy through the equations of growth of structure. The measured cluster
density involves both the mass density function and the volume element,
which depends on dark energy through geometry:

dn
dzd


=
dV

dzd


1Z

M lim

dM
dn

dV dM

with
dV

dzd

=

r 2(z)
H (z)

the volume element. Learning about cosmology from clustersrequires a clean
way to select them, and estimate their redshift, and most importantly, �nd-
ing observables that relate to the cluster mass. These can bemeasurements
of the hot gas in the cluster (Sunyaev�Zel'dovich e�ect in the CMB, X-ray
emission), of the galaxies and their luminosity (optical astronomy) or, di-
rectly, of the dark matter mass (weak lensing). Being able to perform mass
cross-calibration using several of these techniques is an important asset that
the DES survey (described in Section 5.1) in conjunction with the South
Pole Telescope (SPT) posseses.

Cluster counting remains the most uncertain method for determining
dark energy properties, with both a great potential and big challenges.

4. Current status

The current understanding of dark energy can be summarized by Fig. 8,
taken from [40]. While if one assumes a constant equation of state w, its
value is constrained to be within about 10% of� 1, the value for a cosmo-
logical constant, as soon as the assumption of constantw is dropped, the
constrain weakens to the point of being useless (right plot in Fig. 8). The
next generation of surveys will try to learn about the possible dependence
of w with cosmic time.

5. Future surveys

5.1. DES

The Dark Energy Survey (DES) is an international project, led by Fer-
milab (USA) whose main goal is to survey 5000 sq. deg. of the southern
galactic sky, measuring positions on the sky, shapes and redshifts of about
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Fig. 8. Left: Current world 68% con�dence-level contours in the 
 m � w plane,
assuming a �at universe and a constant equation of statew. Right: 68% con�dence-
level contours in the w0� wa plane for the world combined data from SNe, BAO
and CMB. A �at universe has been assumed. Figure taken from [40].

300 million galaxies and (in conjunction with the South Pole Telescope)
15000 galaxy clusters. Furthermore, another 10 sq. deg. of the sky will be
repeatedly monitored with the goal of measuring magnitudesand redshifts
of over 1000 distant type-Ia SNe. These measurements will allow detailed
studies of the properties dark energy using the four probes advocated in [3].

To perform the survey, the DES Collaboration is building a large wide-
�eld CCD camera (DECam) that will give images covering 3 sq. deg. on the
sky. The camera, shown in Fig. 9, will be mounted at the prime focus of the
4-meter Blanco Telescope, located in Cerro Tololo in Chile. In return, DES
is granted 30% of all the observation time for 5 years (2011�2015).

Fig. 9. A view of DECam, the camera being built by DES.
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Being able to measure redshifts accurately is central to the whole DES
science program. This is area of much active research withinthe collabora-
tion, which will also bene�t from the VHS survey in ESO's VISTA telescope,
that will cover the same area of the sky in the near infrared. Combining the
four techniques DES will be able to determine the dark energyequation if
state parameters very precisely, as shown in Fig. 10.

Fig. 10. 68% con�dence-level contours in thew0� wa plane for the four techniques
DES will use and their combination.

5.2. SNAP

Of the proposed supernova surveys in the next decade, the SuperNova
Acceleration Probe (SNAP) satellite mission is probably the most ambi-
tious. In essence, it consists of a 2 m-class wide-�eld (0.7 deg2) imager with
state-of-the-art optical and near-infrared camera and an integral-�eld-unit
spectrograph. The dual aim is to collect about 2000 type-Ia SNe up to
redshift z = 1 :7, and to study weak gravitational lensing from space. If
approved, it could �y from about 2013�2015 on.

Since a space mission is always much more expensive than a ground-
based survey, the �rst question that comes to mind is �why space�? Fig. 11
demonstrates that for a SNAP-like mission, and keeping the time of the
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mission constant, there is a clear advantage in sensitivityto wa by going to
larger redshifts, z � 1:5. Furthermore, the window to the deceleration era
z > 1 can help in eliminating systematic errors (see, for instance, the gray
dust discussion in Section 3.1.2). However, forz > 1�1.2, the rest-frame
B -band gets redshifted into the observer near infra-red region (� > 1:2� m).
At these wavelengths, atmospheric background makes it all but impossible
to perform accurate measurements from the ground, hence theneed for
a space-based mission.
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Fig. 11. Uncertainty on the wa parameter as a function of maximum redshiftzmax

for a SNAP-like mission with �xed total time. The di�erent li nes correspond to
di�erent assumptions about priors and systematic errors.

The SNAP optical imaging system incorporates nine redshifted wide-
band �lters covering from the U-band to about 1.7 microns. The detectors
are LBNL-developed thick, back-illuminated CCDs with quantum e�ciency
above 50% up to one micron, and HgCdTe detectors covering thenear-
infrared region. The nine �lters ensure that at least there colors are available
for all SNe in their restframeU to R wavelength range. This information can
be used to determine the reddening lawRV individually for each supernova,
eliminating a potentially damaging systematic uncertainty.
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The large number of SNe in each redshift bin will also allow totackle
the issue of �evolution� of SNe properties with redshift. This has been of-
ten mentioned as a potentially dangerous source of systematic errors. By
taking multi-color light-curves and multi-epoch spectra for all the super-
novae, SNAP will be able to classify them according to their observational
di�erences. Then, cosmology can be extracted by performingcosmology �ts
within each sub-type, each including both low- and high-redshift SNe (�like-
to-like� comparison). In practice, this is done by allowing a di�erent value
of the nuisance parameterM for each sub-type. It has been shown in [14]
that the statistical degradation due to the extra free parameters in the �t is
only of a few per cent.

Fig. 12 shows the expected SNAP precision in thew0� wa plane. SNAP
with SNe and weak lensing can, by itself, determinew0 to about 5%, and
w0 � wa=2 to about 10%.

Fig. 12. Expected reach of the SNAP satellite mission. The �� � contours corre-
spond to assuming a� CDM �ducial universe, while the �S� contours correspond
to a Supergravity-inspired model. The �� � universe tends to lead to the most
conservative contours. Note in both cases the big improvement after adding weak
lensing.
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5.3. PAU

It has usually been assumed in the literature that photometric redshifts
are not precise enough to measure �line-of-sight� BAO [28, 39]. The intrin-
sic comoving width of the peak in the mass correlation function is about
15 Mpc/h, due mostly to Silk damping [41]. This sets a requirement for the
redshift error of order � (z) = 0 :003(1+z), corresponding to 15 Mpc/h along
the line of sight at z = 0 :5. A much better precision will result in oversam-
pling of the peak without a substantial improvement on its detection, while
worse precision will, of course, result in the e�ective lossof the information
in the radial modes [28].

The PAU (Physics of the Accelerating Universe) survey [38] aims at
a redshift accuracy of� (z) = 0 :003(1 + z) for luminous red galaxies using
photometry with a system of 40 �lters of � 100 Å, continuously covering
the spectral range from� 4000 to � 8000 Å, plus two additional broad-
band �lters similar to the u and z-bands. PAU will measure positions and
redshifts for over 14 million luminous red galaxies over 8000 deg2 in the sky,
in the range 0:1 < z < 0:9 (comprising a volume of 9 (Gpc/h)3). The PAU
survey can be carried out in a four year observing program at adedicated
telescope with an e�ective etendue� 20 m2deg2.
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Fig. 13. Left: 68% con�dence-level contours in the
 m � w plane, using only PAU
LRG data, assuming a �at universe and a constant equation of state w. Right: 68%
con�dence-level contours in thew0� wa plane for the world combined data from SNe
and WMAP in about 2010, and after adding PAU LRG data to that da ta set. The
area of the contour decreases by about a factor three. A �at universe has been
assumed.
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At the end of the survey, both H (z)rBAO and (1 + z)dA (z)=rBAO will
have been measured in 16 bins in redshift betweenz = 0 :1 and z = 0 :9 with
a relative precision that improves monotonically with increasing redshift,
�attening out at about 5% for H (z) and 2% for dA (z). The left panel of
Fig. 13 shows the 68% con�dence level (CL) contour in the
 m � w plane that
can be achieved using only PAU LRG data. The corresponding one-sigma
errors are� (
 m ; w) = (0 :016; 0:115). A �at universe and constant equation
of state has been assumed. In the right panel of Fig. 13, 68% CLcontours
are shown in the w0� wa plane, assuming a �at universe. The outermost
contour approximates the expected world combined precision from SNe and
WMAP when PAU will start taking data, while the inner contour adds the
PAU LRG data to the previous data set. The area is reduced by about
a factor three. The one-sigma errors are� (w0; wa) = (0 :14; 0:67).

6. Summary

In 1998, the discovery of the accelerated expansion of the universe
changed completely our understanding of the universe and its components.
Ten years on, the quest to understand what causes the acceleration con-
tinues. New observational projects from the ground will provide very use-
ful information, in particular starting to probe the time de pendence of the
equation of state parameterw, starting around 2010. Furthermore, if ap-
proved, one or two satellite projects will measure dark energy properties
with exquisite precision from about 2015 on. Along the way, the most am-
bitious photometric and spectroscopic surveys ever will beused for many
other cosmological and astrophysical studies.

It is a pleasure to thank the organizers of the conference andin particular
Antonio Bueno and Francisco del Águila for their kind invitat ion, for running
the conference so smoothly, and for making our stay in Baeza soenjoyable.
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