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In this talk we present a proposal for a new galaxy photometric redshift survey termed PAU-
BAO (Physics of the Accelerating Universe-Baryon Acoustic Oscillations). The survey will
be carried out with a 2m-class telescope equipped with a 6 deg2 field of view camera with a
focal plane consisting of a CCD array containing about 500 M-pixels. In 4 years of dedicated
observations we expect to cover a 8000 deg2 area, and to measure the angular position and
redshifts of more than 14 Million red, early-type galaxies of magnitude less than 22.5 in the
red-shift interval 0.1 < z < 0.9, with a precision in z of the order of 0.003(1+z). The precision
in z is achieved by means of a system of about 45, 100Åwide, filters in the wavelength range
between ∼ 4000 Å and ∼ 8000 Å, supplemented with two wide-band filters similar to the u and
z bands. Luminous Red Galaxies (LRGs) have a prominent feature at 4000 Å rest-frame wave
length, which can be efficiently measured with the large number of filters using photometric
techniques. This precision in z allows the measurement of the radial BAO component with a
minimal loss of information. By itself the survey can give precision of 5% in the equation of
state parameter w, assumed constant. Combined with future CMB surveys it would allow the
determination of its time derivative. The PAU-BAO survey will also give high-quality redshift
and low resolution spectroscopic information in the optical region for hundreds of millions of
galaxies and other objects, which will contain a wealth of astrophysical information.

1 Introduction

The combined analysis of observations of the Large Scale Structure of the universe 1, 2, 3, the
measurements of Cosmic Microwave Background temperature anisotropies 4, 5, 6, 7, 8, 9 and of
Distance-Scale measurements provided by the observation of Supernova Ia 10, 11, 12, 13, lead to
a consistent cosmological model: that of a flat universe expanding at an accelerated rate since
relatively recent times. This is usually known as the ΛCDM Universe. In the framework of
General Relativity the accelerated expansion can be “explained” by a cosmological constant Λ
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positive. In this equation, one of the Friedman-Lamâıtre equations, with the standard FRW
metric, a(t) is the scale factor (equal to 1 at present, a(0) = 1), and ρ and p are the density and
pressure, respectively, of the mater-energy fluid that permeates the whole universe. To solve
the above equation one would need a relation between ρ and p, or equation of state, usually
parameterized in the form

p = w(t)ρ (2)

For matter and radiation the equation of state is known. It is of the above form with w = 0 and
w = 1/3, respectively. For these two components of the universe one has then that ρ + 3p > 0.
For them the right hand side of eq. 1 (without a cosmological constant) is negative, and therefore
a universe with only these components will be expanding with a decreasing rate, as it is to be
expected. From eq. 1 it is also apparent that a component with negative pressure, namely with
w < −1/3 will give rise to a term ρ + 3p < 0 and therefore to an accelerated expansion. Such
a component is usually called dark energy. The cosmological constant can also be cast in the
form of dark energy, with a positive density

ρ = +
Λ

8πG
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and a negative pressure equal to its positive density

p = −
Λ

8πG
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that is, with w = −1. (E.g. including such a component into the right hand side of eq. 1,
without a cosmological constant, we get a term Λ/3).

The measurement of w is therefore of prime importance to understand the evolution of the
universe. But w alone is not sufficient. This is apparent from the other of the two Friedman-
Lamâıtre equations (for a flat universe)

H2(a) = H2
0

[

Ωma−3 + ΩRa−4 + ΩDEa−3(1+w)
]

(5)

Here we have introduced the densities of matter, radiation and dark energy in terms of the
critical density

Ωi =
ρi

ρc

with ρc =
3H2

0

8πG
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At present the radiation term is negligible and the flatness constraint implies that

Ωm + ΩDE = 1 (7)

Instead of a(t) one can use the redshift defined by

z =
λ0 − λe

λe

(8)

where λ0 and λe are the measured and emitted wavelengths of the light from a source at redshift
z. It can be related to a(t) by

a(t) =
1

1 + z
(9)

where t is the time corresponding to the emission at the source at redshift z. Therefore eq. (5)
can be written as

H2(z)/H2
0 = Ωm (1 + z)3 + (1 − Ωm) (1 + z)3(1+w) (10)

From the above equation one sees that H(z), Ωm and w are related. A measurement of any
of them provides a constraint between the other two. Here we describe how to measure the
expansion rate H(z), thus providing a relation between Ωm and w.



2 Baryon Acoustic Oscillations

There are several ways of measuring H(z). Here we concentrate in Baryon Acoustic Oscillations
(BAO), which has attracted much interest recently. BAO have their origin in the density fluctu-
ations created by acoustic waves in the photon-baryon plasma before recombination, generated
by primordial perturbations 14. After recombination the photons decouple and propagate freely.
We see the effect of the primordial perturbations in the temperature fluctuations of the CMB.
At recombination the acoustic waves stall. The peaks and troughs of the pressure (density)
waves give rise to accumulation and rarefactions of baryonic and dark matter. As a result there
should be a correlation between the densities of matter at the scale of the sound horizon dis-
tance at recombination. This scale can be determined from CMB observations and it is equal
to rBAO = 146.8 ± 1.8 Mpc (or rBAO = (105.7 ± 1.3)h−1 Mpc, for h = 0.72) comoving for a
flat ΛCDM Universe 15. This distance constitutes a “Standard Ruler” and its measurement at
different redshift gives information on the expansion history of the Universe.

The BAO scale can be determined from a galaxy survey. The angular position and redshif of
galaxies give a measurement of the clustering of mass in three dimensions. The BAO signature
will show up as a peak in the two-point correlation function of the mass distribution. In such a
survey one does not need in principle the absolute flux or shape of the galaxies. On the other
hand there are effects that can give rise to systematic uncertainties. First, there is the issue
of biasing: the light from galaxies is a biased estimator of the matter content. Second there
is non-linear physics that enters in galaxy formation, and third, there are redshift distortions
induced by peculiar velocities. But all these effects tend to predominantly change the amplitude
of the correlations but not the position of the peak. From this point of view BAO, as a probe
of dark energy, is less affected by systematic uncertainties than other probes, as some recent
reports have pointed out 16, 17.

The BAO scale has been detected in the SDSS data18 as an excess in the two-point correlation
function of the mass distribution, with the mass traced by Luminous Red Galaxies (LRG) (about
45,000 LRGs) with spectroscopically determined redshifts. Since the scale is very large, its
observation requires sampling of the mass distribution over very large volumes and therefore
very large surveys.

The distance can in principle be measured “radially”, along the line of sight, and across that
line, as an angular distance. We call the former distance dr(z) and reserve the name dA(z) for
the latter. The two distances are related differently to the expansion rate H(z) ≡ ȧ/a. The
radial distance is given by

dr(z) =
c

H(z)
dz , (11)

while the angular distance is proportional, for a flat universe, to the integral of H(z)

dA(z) =
c

1 + z

∫ z

0

dz′

H(z′)
. (12)

The different dependence of the distance scale on H(z) translate into a different precision in
the determination of the cosmological parameters depending on whether the information comes
from the line of sight or from the angular distance. Roughly speaking the volume of a galaxy
survey providing radial information needs to be only 10% of the volume needed if only the
transverse information is available, to obtain similar precision in the cosmological parameters 19.
Covering a large volume is more easily done with a photometric survey, but measuring the
BAO scale in the radial direction requires to measure z with precision, such as what can be
achieved with spectroscopic observations. What is proposed below, with the PAU survey, is a
large photometric survey but with enough precision in the determination of redshifts as to be
able to measure the BAO scale radially.



Figure 1: Smearing of the BAO signature due to photometric redshift errors. See text for an explanation.

3 The PAU Project

The PAU Survey20 has been proposed by several institutions in Spain, as part of project financed
by a special program of the Ministry of Science and Education 21, and was approved at the end
of 2006. It proposes to build a large field of view (6 deg2) camera to be placed in a 2m-class
telescope (that is, the etendue of the system is 20m2deg2). The camera will be equipped with
a set of filters, about 45, covering the wavelength range between ∼ 4000 Å and ∼ 8000 Å,
supplemented with two wide-band filters similar to the u and z bands. The system will be used
to conduct a photometric galaxy survey of a 8, 000 deg2 area in about 4 years. The volume
covered by the survey is then 11 (Gpc/h)3. As explained below, the expectation is to measure
positions and redshifts of about 14 million LRGs with L > L∗ and absolute magnitude up to
22.5 in the redshift interval 0.1 < z < 0.9, with a precision in z, σz < 0.003(1 + z).

This precision in z is sufficient to measure the scale of BAO in the radial direction. An
interval of z of width 0.003(1 + z) at z = 0.5 corresponds to about 15 Mpc/h, which is roughly
the width of the BAO peak in the mass-correlation function, due mostly to Silk damping 22.
Having a precision higher than 0.003(1 + z) does therefore not add more information. On the
other hand, reaching that precision with photometric information is not simple. To measure
z one uses the fact that the LRGs have a prominent feature, a break in the spectrum at 4000
Å in the rest frame. It is the position of that break in the actual measured spectrum that will
determine the redshift of the LRG. In PAU the break can be determined precisely due to the
large number of filters, which effectively provide a “poor resolution” spectrum.

In the rest of this paper some arguments will be given to substantiate the above claims. A
more detailed explanation can be found in 20. The reader is urged to consult this reference for
the detailed explanation of the arguments given here.

3.1 The required precision in z

In the paper of Beńıtez et al. 20 a detailed study of the impact of the uncertainty on redshift
in the determination of the BAO scale was carried out. For that purpose, large N-body dark
matter (DM) simulations were used, those of the MICE collaboration 23. With the simulations
it is possible to study the clustering of DM halos. LRGs are assumed to populate DM halos
and closely trace the halo distribution. In the simulation, biasing and non-linear effects are
introduced. The study can be carried out in both the real space of the matter distribution and



Figure 2: A scheme of the filter system to be used in the PAU survey. There are 44 filters in the figure with a
width (fwhm) of 118Å. There is some overlap as the filters are spaced at 93Å. Superimposed is the spectrum of an
LRG. One can see that the (rest frame) 4000Å break (which for this particular LRG falls at 4800Å) is bracketed

by two filters. The squares are the fluxes expected in each filter.

in the Fourier Space of the power spectrum.

The main results are summarized in Fig. 1. The open circles in the top figure show the
two-point correlation function obtained from the simulation of over one million halos with mass
M > 3.7 × 1013 h−1 M⊙, in a volume of 27h−3 Gpc3, where it is assumed that the halos host
LRGs. The dashed line is the prediction assuming linearity but introducing a halo bias. The
black solid line is the non-linear prediction obtained from Renormalized Perturbation Theory24.
The difference between the two lines is a measurement of the effect of non-linearities. The
triangles, square and crosses are again the two-point correlation function but with the redshift
smeared according to σz/(1 + z) = 0.003, 0.007 and 0.03, respectively. The solid lines are
analytical predictions based on a simple Gaussian smearing of the power spectrum, where the
width of the smearing function depends on the angle with respect to the line of sight. The
bottom figure shows the same results in the region of the BAO peak (105.7h−1Mpc comoving)
but where the two point correlation function is weighted by r2. From these curves it is clear
that the BAO feature degrades with photo-z error and almost completely disappears for errors
twice of those expected for PAU.

Fig. 1 shows that with a precision in z of σz = 0.003(1+z) the BAO peak is visible. One can
ask for the size of the survey that will be needed to detect the BAO peak at a given statistical
significance. The answer to that question can be better studied in the Fourier transform of the
correlation function, the power spectrum. The error on the power spectrum depends on two
quantities: the sampling frequency, or how many modes of the power spectrum are sampled,
and on the Poisson-distributed number of galaxies sampled in each mode. An approximate
expression is 25

σP ≡
∆P (k)

P (k)
≃

√

2

Nm(k)

(

1 +
1

n̄P (k)

)

, (13)

where Nm(k) is the number of Fourier modes present in a spherical shell extending from k to
k + ∆k. The first term in Eq. (13) corresponds to the sampling error and is independent of
redshift. The second term corresponds to Poisson shot-noise, and n̄ denotes the number density
of observed galaxies in the survey. This formula is exact when the probability density function



Figure 3: Spatial density as a function of redshift for all L > L∗ and I < 23 red galaxies (dashed line) and for
the subset with good photo-z.

Figure 4: Photometric redshift error as a function of redshift for all L > L∗ and I < 23 red galaxies (dashed line)
and for the subset with good photo-z.

of spectral amplitudes is Gaussian and a very good approximation when the shot-noise term is
negligible 26.

Neglecting the shot-noise (see below), the relative error in the BAO scale in a 3-D analysis
is approximately equal to the inverse of the square root of the number of independent regions
of size r3

BAO that are sampled by the survey. For V ≃ 10h−3 Gpc3 and rBAO = 105h−1Mpc one
obtains about 104 samplings which give an error of ≃ 1% in the determination of the BAO scale.

3.2 The expected error on the photometric determination of z

In PAU the intent is to use LRGs as tracers of the mass distribution, as it has been done in
previous surveys. As has already been mentioned these galaxies have a characteristic break in
their spectrum at about 4000Å in the rest frame. The spectrum will be sampled with a large
set of filters, about 45 with a width of 100Å. There are two previous surveys that have made
use of this technique: the COMBO-17 survey 27 (17 filters) and the ALHAMBRA survey 28 (20
filters). From COMBO-17 it is inferred that the intrinsic photometric accuracy for LRGs in the



Figure 5: On the left the 68% confidence-level contours in the (Ωm, w) plane foreseen to be obtained from PAU
data alone assuming a flat universe and a constant w. The figure on the right is the contour plot in the (w0, wa)
plane for SNe and WMAP data, expected in the near future, and the same plot adding PAU data. It can be seen

that the PAU data reduce the area surrounded by the contour by more than a factor of three.

Abell 901/902 superclusters is close to 0.004(1+ z) 27 . In Alhambra preliminary results indicate
an photo-z error of 0.01(1 + z) for the general galaxy population. Fig. 2 shows a scheme of the
PAU filter system characteristics.

To estimate the photo-z determination error in the PAU survey a whole simulation has been
carried out and the details are also given in 20. The simulation includes realistic observing
conditions, such as the behavior of the sky background as a function of the wavelength, the
efficiency of the telescope-camera system, the observing times, the finite size of the galaxies and
their intrinsic variability and other effects.

The simulations start with a spectrum of an LRG taken as template. This template is
evolved with redshift and passed through the filter system. Then the spectrum is reconstructed
with the Bayesian photometric redshift (BPZ) code of Benitez29. The BPZ program produces an
estimator of the quality of the redshift determination, the so called “odds parameter”. Cutting
on this quantity effectively eliminates badly reconstructed photo-z. Fig. 3 shows the spatial
density of galaxies, n̄, as a function of redshift up to z = 0.9, before and after cutting on the
odds parameter. As it can be seen the number density stays above 10−3(h/Mpc)3 in all the
survey volume. Since P (k) > 104(Mpc/h)3, the quantity n̄P (k) stays above 10 making the
shot-noise negligible in the region of the volume.

The precision on the reconstructed z divided by (1+z) is shown in Fig. 4 again as a function
of z. All the way to z = 0.9 the error stays below the goal of 0.003.

In the real situation there will be of curse many effects that will come into play, including
the calibration of the telescope-camera system, the variability of the LRG spectrum and many
others that will need to be solved. But none of these difficulties seems to limit the main goal
of the project, namely to reach the precision of 0.003(1 + z) for a sufficient number of galaxies
in the region of 0.1 < z < 0.9 to reach a 1% error in the scale of BAO, both in the radial and
angular directions.

To compare the expected results of PAU with other probes of dark energy we use the “figure
of merit” of the Dark Energy Task Force 16: the reduction in the area of the (w0, wa) plane
constrained by the measurements, where w0 and wa are the constant and variable parts of w
parameterized as w = w0 + wa(1− a). The PAU measurements will reduce the error of the area
by more than a factor of three with respect to existing measurements. This is show in the right
side of Fig. 5. On the left side there is the region of the (Ωm, w) plot allowed by the expected
PAU measurements, assuming w constant and a the flat ΛCDM model.



The PAU data will also contain information on other probes of dark energy. For example
one could possibly measure the amplitude of the power spectrum as a function of redshift.
It will also give high-quality redshift for other objects such as quasars or clusters of galaxies
identified in other projects. PAU will also provide low resolution spectroscopic information in the
optical region for hundreds of millions of galaxies, which will contain a wealth of astrophysical
information.
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