
?

?

The sound horizon scale !
at baryon drag epoch

work in collaboration with Edilson de Carvalho,  
                                                   Felipe Avila, Camila Novaes

Armando Bernui



standard candle



standard rulerstandard candle

BAO: a cosmological  ruler



Baryon Acoustic Oscillations (BAO)?

Are primordial sound waves propa-!
gating in a tightly coupling baryon
+photon fluid

Exm: 2D waves in a medium



BAO: primordial origin

It was once…
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  Before recombination: 
 Universe is ionized
 Photons provide enormous 

pressure and restoring force
 Density perturbations 

oscillate as sound (or 
acoustic waves) 

  After recombination: 
 Universe is neutral
 Photons travel freely; baryons form 

galaxies 
 Each initial overdensity (DM & gas) 

is an overpressure that launched a 
spherical sound  wave: shell of gas

 Overdensity in shell (gas) and in 
the original center (DM) both seed 
the formation of galaxies. Preferred 
separation: the shell radius!

CMB Sound Waves in the Early Universe
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Recombination
z ~ 1000

~400,000 years
Ionized Neutral

Time
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Fig. 1.— Top: The Sloan 2.5-m telescope. Left: Composite gri color image of galaxies in North and South Galactic Cap

SDSS imaging, with zoom in to Messier 33. Right: Galaxy redshifts versus right ascension in a slice around the celestial

equator from the SDSS Legacy survey.

1. The SDSS Legacy

The Sloan Digital Sky Survey (SDSS) has left a permanent, world-wide imprint on the science and

culture of astronomy. Virtually all areas of optical astronomy — from stellar astronomy to the study of

distant quasars — underwent a revolution with the advent of its first data releases. It has established a

robust model of public data distribution that has persisted through three phases: SDSS-I, -II and -III.

The collaborating scientists have written hundreds of papers, and astrophysicists using the public data

releases have written thousands more. The SDSS databases have several times been named the highest

impact project, facility or mission in the field of astronomy, as judged by number of citations of associated

refereed journal articles. We intend to continue this tradition, pursuing new and more ambitious scientific

objectives with the same focus on quality, openness, and completeness.

The centerpiece of the SDSS legacy over the last decade was its five-band imaging survey of 14,555

square degrees, or one-third, of the sky, demonstrated in the left panel of Figure 1. With this survey, SDSS

mapped the metallicities and distances of tens of millions of stars in our own Galaxy, discovering new nearby

star clusters, dwarf galaxies and stellar streams, while simultaneously sifting out a few dozen of the highest

redshift quasars known and mapping hundreds of millions of the galaxies in between. With its powerful and

convenient data access portals, the SDSS provides the definitive view of the sky for astronomers today, as

yet unsurpassed in quality and quantity. Additionally, in a 200 square degree region, more than a hundred

epochs of data were observed, allowing the identification and follow-up of over 500 supernovae, which have

Does this mean one should “see” a BAO pattern 
in galaxy surveys?

2PCF
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Fig. 1.— Top: The Sloan 2.5-m telescope. Left: Composite gri color image of galaxies in North and South Galactic Cap

SDSS imaging, with zoom in to Messier 33. Right: Galaxy redshifts versus right ascension in a slice around the celestial

equator from the SDSS Legacy survey.

1. The SDSS Legacy

The Sloan Digital Sky Survey (SDSS) has left a permanent, world-wide imprint on the science and

culture of astronomy. Virtually all areas of optical astronomy — from stellar astronomy to the study of

distant quasars — underwent a revolution with the advent of its first data releases. It has established a

robust model of public data distribution that has persisted through three phases: SDSS-I, -II and -III.

The collaborating scientists have written hundreds of papers, and astrophysicists using the public data

releases have written thousands more. The SDSS databases have several times been named the highest

impact project, facility or mission in the field of astronomy, as judged by number of citations of associated

refereed journal articles. We intend to continue this tradition, pursuing new and more ambitious scientific

objectives with the same focus on quality, openness, and completeness.

The centerpiece of the SDSS legacy over the last decade was its five-band imaging survey of 14,555

square degrees, or one-third, of the sky, demonstrated in the left panel of Figure 1. With this survey, SDSS

mapped the metallicities and distances of tens of millions of stars in our own Galaxy, discovering new nearby

star clusters, dwarf galaxies and stellar streams, while simultaneously sifting out a few dozen of the highest

redshift quasars known and mapping hundreds of millions of the galaxies in between. With its powerful and

convenient data access portals, the SDSS provides the definitive view of the sky for astronomers today, as

yet unsurpassed in quality and quantity. Additionally, in a 200 square degree region, more than a hundred

epochs of data were observed, allowing the identification and follow-up of over 500 supernovae, which have

Does this mean one should “see” a BAO pattern 
in galaxy surveys?

No!

2PCF



Observer

δr = (c/H)δz�r = DA�✓

BAO: cosmological  ruler

rs ' 150Mpc

rs ' 150Mpc

https://www.youtube.com/watch?v=jpXuYc-wzk4

2-point correlation function

In 3D BAO signature is find 
in spheres of radius 150 Mpc

https://www.youtube.com/watch?v=jpXuYc-wzk4


BAO: how to extract the!
       BAO signature from !
       astronomical surveys?



⇠(s) =
DD(s)�RR(s)

RR(s)

2PCF:

a random distribution?

2PCF: a tool to explore BAO signature!



3D

⇠(s) =
DD(s)�RR(s)

RR(s)

3D-2PCF

Many times!
150Mpc

Large-scale structure in 3D



without 
baryons

Eisenstein 
et al., 2005

105 Mpc/h

2PCF
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= 150 Mpc



BAO: the data analyses

1: calculating the sound!
   horizon scale



rs ⌘ rdrag 2 [98.11, 100.05]Mpch�1

rs ⌘ rdrag 2 [102.4, 110.9]Mpch�1

WMAP9

Planck-18

H0 = 70.0± 2.2 km/s/Mpc

H0 = 67.36± 0.54 km/s/Mpc

rdrag = 147.09± 0.26Mpc

rdrag = 152.3± 1.3Mpc

(multiplying r_s x h from Table 2)

(from the Cosmological parameters Table(s))

Sound horizon scale computations

arXiv:1807.06209

arXiv:1212.5226



rs ⌘ rdrag 2 [98.11, 100.05]Mpch�1

WMAP9+SPT+ACT

Planck-18

H0 = 67.36± 0.54 km/s/Mpc

H0 = 70.5± 1.6 km/s/Mpc

rs ⌘ rdrag 2 [100.2, 106.1]Mpch�1

rdrag = 147.09± 0.26Mpc

rdrag = 146.33± 0.89 Mpc
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Fig. 7. Temperature power spectrum from recent measurements from WMAP and ACBAR along with the best
fit ⇤CDM model. The main features of the temperature power spectrum including the first 5 acoustic peaks
and damping tail have now been measured. Adapted from Reichardt et al. (2008).

.

e↵ects in the sections that follow. Finally we put these pieces back together to discuss the information
content of the acoustic peaks in §3.7.

3.1 Anisotropy from Inhomogeneity

Given that the CMB radiation is blackbody to experimental accuracy (see Fig. 4), one can characterize
its spatial and angular distribution by its temperature at the position x of the observer in the direction
n̂ on the observer’s sky

f(⌫, n̂,x) = [exp(2⇡⌫/T (n̂;x) � 1]�1 , (28)

where ⌫ = E/2⇡ is the observation frequency. The hypothetical observer could be an electron in the
intergalactic medium or the true observer on earth or L2. When the latter is implicitly meant, we will
take x = 0. We will occasionally suppress the coordinate x when this position is to be understood.

For statistically isotropic, Gaussian random temperature fluctuations a harmonic description is
more e�cient than a real space description. For the angular structure at the position of the observer,
the appropriate harmonics are the spherical harmonics. These are the eigenfunctions of the Laplace
operator on the sphere and form a complete basis for scalar functions on the sky

⇥(n̂) =
T (n̂) � T̄

T̄
=

X

`m

⇥`mY`m(n̂) . (29)

For statistically isotropic fluctuations, the ensemble average of the temperature fluctuations are
described by the power spectrum

h⇥`m
⇤⇥`0m0

i = �``0�mm0C` . (30)

Moreover, the power spectrum contains all of the statistical information in the field if the fluctuations
are Gaussian. Here C` is dimensionless but is often shown with units of squared temperature, e.g.
µK2, by multiplying through by the background temperature today T̄ . The correspondence between
angular size and amplitude of fluctuations and the power spectrum is shown in Fig. 6.

Let us begin with the simple approximation that the temperature field at recombination is isotropic

Sound horizon scale computations



Planck-18

Planck Collaboration: Cosmological parameters

In this paper we focus on joint constraints with the main
Planck power spectrum results, where the lensing power spec-
trum tightens measurements of the fluctuation amplitude and im-
proves constraints on extended models, especially when allow-
ing for spatial curvature.

A peculiar feature of the Planck TT likelihood, reported in
PCP13 and PCP15, is the favouring of high values for the lens-
ing consistency parameter AL (at about 2.5�). This result is dis-
cussed in detail in Sect. 6.2. It is clear from Fig. 3, however, that
the Planck lensing likelihood prefers values of AL close to unity
and cosmological parameters that are close to those of the best-
fit base-⇤CDM parameters derived from the Planck TT,TE,EE
+lowE+lensing likelihood (i.e., without allowing AL to vary).

3. Constraints on base ⇤CDM

The Planck measurement of seven acoustic peaks in the CMB
temperature power spectrum allows cosmological parameters to
be constrained extremely accurately. In previous papers, we have
focussed on parameters derived from the TT power spectrum.
The T E and EE polarization spectra provide a powerful consis-
tency check on the underlying model and also help to break some
partial parameter degeneracies. The goal of this section is to ex-
plore the consistency of cosmological parameters of the base-
⇤CDM cosmology determined from TT , T E, and EE spectra
and to present results from the combinations of these spectra,
which are significantly more precise that those determined using
TT alone.

Figure 5 shows 2-dimensional marginalized constraints on
the six MCMC sampling parameters of the base-⇤CDM model
used to explore the parameter posteriors, plotted against the fol-
lowing derived parameters: the Hubble constant H0, late-time
clustering amplitude �8 and matter density parameter ⌦m (de-
fined including a 0.06-eV mass neutrino). Table 1 gives indi-
vidual parameter constraints using our baseline parameter com-
bination Planck TT,TE,EE+lowE+lensing. These represent the
legacy results on the cosmological ⇤CDM parameters from the
Planck satellite, and are currently the most precise measure-
ments coming from a single CMB experiment. We give the best-
fit values, as well as the marginalized posterior mean values,
along with the corresponding 68 % probability intervals. Table 1
also quantifies the small changes in parameters that are found
when using the Plik and CamSpec high-` polarization analyses
described in Sect. 2.2 and Appendix A. Table 2 gives marginal-
ized parameter constraints from the various CMB spectra, indi-
vidually and without CMB lensing, including a wider variety of
derived parameters of physical interest.

We now discuss in more detail the parameters that are most
directly measured by the data and how these relate to constraints
on individual parameters of more general interest.

3.1. Acoustic scale

The acoustic oscillations in ` seen in the CMB power spectra
correspond to a sharply-defined acoustic angular scale on the
sky, given by ✓⇤ ⌘ r⇤/DM where r⇤ is the comoving sound hori-
zon at recombination quantifying the distance the photon-baryon
perturbations can influence, and DM is the comoving angular di-

ameter distance11 that maps this distance into an angle on the
sky. Planck measures

100✓⇤ = 1.04097 ± 0.00046 (68 %, Planck TT+lowE), (7)

corresponding to a precise 0.05 % measurement of the angular
scale ✓⇤ = (0.�59643± 0.�00026). The angular scales of the peaks
in the polarization spectrum and cross-spectrum are di↵erent,
since the polarization at recombination is sourced by quadrupo-
lar flows in the photon fluid, which are out of phase with the
density perturbations. The polarization spectra can, however, be
used to measure the same acoustic scale parameter, giving a
stringent test on the assumption of purely adiabatic perturbation
driving the oscillations. From the polarization spectra we find

100✓⇤ = 1.04156 ± 0.00049 (68 %, Planck TE+lowE), (8a)
100✓⇤ = 1.04001 ± 0.00086 (68 %, Planck EE+lowE), (8b)

in excellent agreement with the temperature measurement. The
constraint from T E is of similar precision to that from TT :
although the polarization data are much noisier, the T E and
EE spectra have more distinct acoustic peaks, which helps im-
prove the signal-to-noise ratio of the acoustic scale measure-
ment. Using the combined likelihood we find:

100✓⇤ = 1.04109 ± 0.00030 (68 %, TT,TE,EE+lowE), (9)

a measurement with 0.03 % precision.12

Because of its simple geometrical interpretation, ✓⇤ is mea-
sured very robustly and almost independently of the cosmologi-
cal model (see Table 5). It is the CMB analogue of the transverse
baryon acoustic oscillation scale rdrag/DM measured from galaxy
surveys, where rdrag is the comoving sound horizon at the end of
the baryonic-drag epoch (see Sect. 5.1). In ⇤CDM, the CMB
constraint can be expressed as a tight 0.04 %-precision relation
between rdrag h and ⌦m as

 

rdragh
Mpc

!  

⌦m

0.3

!0.4

= 101.056 ± 0.036 (68 %, TT,TE,EE
+lowE). (10)

The sound horizon rdrag depends primarily on the matter, baryon,
and radiation densities, which for fixed observed CMB tempera-
ture today,13 gives a 0.05 % constraint on the combination

⌦0.3
m h(⌦bh2)�0.16 = 0.87498 ± 0.00052 (68 %, TT,TE,EE

+lowE). (11)

Marginalizing out the dependence on the baryon density, the re-
maining degeneracy between the matter density and Hubble pa-
rameters is well approximated by a constraint on the parameter
combination ⌦mh3 (Percival et al. 2002). We find a 0.3 % con-
straint from Planck:

⌦mh3 = 0.09633 ± 0.00029 (68 %, TT,TE,EE+lowE), (12)

11The quantity DM is (1+ z)DA, where DA is the usual angular diam-
eter distance.

12Doppler aberration due to the Earth’s motion means that ✓⇤ is ex-
pected to vary over the sky at the 10�3 level; however, averaged over the
likelihood masks, the expected bias for Planck is below 0.1�.

13We take T0 = 2.7255K (Fixsen 2009), with the ±0.0006K error
having negligible impact on results.

13

1st form to calculate r_s
Sound horizon scale computations

pag.13, arXiv:1807.06209

rdrag ⌘ rs = 99.0988± 0.0353Mpch�1

rs = (147.05± 0.30)⇥ 0.6727 = 98.9205± 0.2018Mpch�1

data from Table 2 pag.15, 
arXiv:1807.06209

from Table 1 pag.14, 
arXiv:1807.06209



Planck Collaboration: Cosmological parameters

Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015
⌦ch2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012
100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011
H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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where p is the pressure, and v is the fluid velocity, this approximation relates to the quantity

R ⌘

(⇢b + pb)vb

(⇢� + p�)v�
=

⇢b + pb

⇢� + p�
=

3⇢b

4⇢�

⇡ 0.6
 

⌦bh
2

0.02

!✓
a

10�3

◆
, (47)

where we have used the fact that ⇢� / T 4 so that its value is fixed by the redshifting background
T̄ = 2.725(1+z)K. Neglect of the baryon inertia and momentum only fails right around recombination.

Next, we shall assume that the background expansion is matter dominated to relate time and scale
factor. The validity of this approximation depends on the matter-radiation ratio

⇢m

⇢r
= 3.6

 
⌦mh2

0.15

!✓
a

10�3

◆
, (48)

and is approximately valid during recombination and afterwords. One expects from these arguments
that order unit di↵erences between the real universe and our basic description will occur. We will in
fact use these di↵erences in the following sections to show how the baryon and matter densities are
measured from the acoustic peak morphology.

Finally, we shall consider the e↵ect of pressure forces and neglect gravitational forces. While this
is not a valid approximation in and of itself, we shall see that for a photon-dominated system, the
error in ignoring gravitational forces exactly cancels with that from ignoring gravitational redshifts
that photons experience after recombination (see §3.3).

Continuity Equation — Given that Thomson scattering neither creates nor destroys photons, the
continuity equation implies that the photon number density only changes due to flows into and out
of the volume. In a non expanding universe that would require

ṅ� +r · (n�v�) = 0 . (49)

Since n� is the number density of photons per unit physical (not comoving) volume, this equation
must be corrected for the expansion. The e↵ect of the expansion can alternately be viewed as that
of the Hubble flow diluting the number density everywhere in space. Because number densities scale
as n� / a�3, the expansion alters the continuity equation as

ṅ� + 3n�
ȧ

a
+r · (n�v�) = 0 . (50)

Since we are interested in small fluctuations around the background, let us linearize the equations
n� ⇡ n̄� + �n� and drop terms that are higher than first order in �n�/n� and v� . Note that v� is first
order in the number density fluctuations since as we shall see in the Euler equation discussion below
it is generated from the pressure gradients associated with density fluctuations.

The continuity equation (50) for the fluctuations becomes
 

�n�

n�

!·

= �r · v� . (51)

Since the number density n� / T 3, the fractional density fluctuation is related to the temperature
fluctuation ⇥ as

�n�

n�
= 3

�T

T
⌘ 3⇥ . (52)

c2s ⌘ @p�b
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where we have used the fact that ⇢� / T 4 so that its value is fixed by the redshifting background
T̄ = 2.725(1+z)K. Neglect of the baryon inertia and momentum only fails right around recombination.

Next, we shall assume that the background expansion is matter dominated to relate time and scale
factor. The validity of this approximation depends on the matter-radiation ratio

⇢m
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= 3.6

 
⌦mh2

0.15

!✓
a
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, (48)

and is approximately valid during recombination and afterwords. One expects from these arguments
that order unit di↵erences between the real universe and our basic description will occur. We will in
fact use these di↵erences in the following sections to show how the baryon and matter densities are
measured from the acoustic peak morphology.

Finally, we shall consider the e↵ect of pressure forces and neglect gravitational forces. While this
is not a valid approximation in and of itself, we shall see that for a photon-dominated system, the
error in ignoring gravitational forces exactly cancels with that from ignoring gravitational redshifts
that photons experience after recombination (see §3.3).

Continuity Equation — Given that Thomson scattering neither creates nor destroys photons, the
continuity equation implies that the photon number density only changes due to flows into and out
of the volume. In a non expanding universe that would require

ṅ� +r · (n�v�) = 0 . (49)

Since n� is the number density of photons per unit physical (not comoving) volume, this equation
must be corrected for the expansion. The e↵ect of the expansion can alternately be viewed as that
of the Hubble flow diluting the number density everywhere in space. Because number densities scale
as n� / a�3, the expansion alters the continuity equation as

ṅ� + 3n�
ȧ

a
+r · (n�v�) = 0 . (50)

Since we are interested in small fluctuations around the background, let us linearize the equations
n� ⇡ n̄� + �n� and drop terms that are higher than first order in �n�/n� and v� . Note that v� is first
order in the number density fluctuations since as we shall see in the Euler equation discussion below
it is generated from the pressure gradients associated with density fluctuations.

The continuity equation (50) for the fluctuations becomes
 

�n�

n�

!·

= �r · v� . (51)

Since the number density n� / T 3, the fractional density fluctuation is related to the temperature
fluctuation ⇥ as

�n�

n�
= 3

�T

T
⌘ 3⇥ . (52)
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Sound horizon scale computations



Notice that the sound horizon scale compu-!
tation was done using cosmological !
model parameters and model hypotheses

⌦b, ⌦m, ⌦� �⌦k = 0, 9⌦m, etc.

Is there a form to calculate r_s !
in a model-independent approach?

(+ parameters-independent)



2: choose the cosmic tracer and per-!
    form the measurement analyses

BAO: the data analyses
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Using Cosmography one calculates the 2PCF:!
and measures the sound scale horizon

⇠ = ⇠(s)



3rd form to calculate r_s
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• Accurate measurements of the sound horizon scale  
are extremely important to study LSS of the Universe

• The BAO measurement is a statistical procedure,       
a good S/N depends on suitable number density of 
cosmic objects

• The sound horizon scale can also be obtained by 
Bayesian analyses with other data sets

Conclusions



    Collaborators and scientific Collaborations!

Maybe, the most important thing one can do for young !
scientists is to promote an ambient to motivate them !
to develope their scientific curiosity,  creativity, !
mutual discussions, … where people use their skills !
to solve challenging problems. !
In this collaborative ambience to learn and to teach !
are pleasant activities. !
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evidence for the acoustic signature in the correlation function and power spectrum.
Extracting the BAO scale from the matter power spectrum remains a thriving area
of research in contemporary cosmology, as we discuss later in Section 1.5 on current
and future BAO surveys.

Fig. 1.1. The Baryon Acoustic Peak (BAP) in the correlation function – the BAP is visible
in the clustering of the SDSS LRG galaxy sample, and is sensitive to the matter density
(shown are models with Ωmh2 = 0.12 (top), 0.13 (second) and 0.14 (third), all with
Ωbh2 = 0.024). The bottom line without a BAP is the correlation function in the pure
CDM model, with Ωb = 0. From Eisenstein et al., 2005 (52).

1.1.2 Cosmological Observables

We now discuss the relevant cosmological observables that are derived from standard
rulers in general, and the BAO in particular. The Baryon Acoustic Oscillations in
the radial and tangential directions provide measurements of the Hubble parameter
and angular diameter distance respectively. The Hubble parameter, H ≡ ȧ/a –
where a is the scale factor of the universe – can be written in dimensionless form
using the Friedmann equation as

E(z) ≡
H(z)

H0
=
!

Ωm(1 + z)3 + ΩDEf(z) + Ωk(1 + z)2 + Ωrad(1 + z)4 , (1.1)

where f(z) is the dimensionless dark energy density and Ωk = − k
H2

0
a2

= 1 − (Ωm +

ΩDE + Ωrad) is the density parameter of curvature with Ωk = 0 corresponding to
a flat cosmos. Ωm,Ωrad are the matter and radiation densities with corresponding
equations of state wi ≡ pi/ρi = 0, 1

3 for i = m, rad respectively.
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