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• Motivation: To restrict cosmological models and 
parameters in a model independent way


• What do we do:  Precise measurements of DA(z)  
without assuming a fiducial cosmology.

Analyses with !
galaxy surveys
e.g.,SDSS-DR10
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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
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redshift intervals number of LRGs z̄ �z

0.440 - 0.460 21,862 0.45 0.02
0.465 - 0.475 17,536 0.47 0.01
0.480 - 0.500 40,957 0.49 0.02
0.505 - 0.515 21,046 0.51 0.01
0.525 - 0.535 22,147 0.53 0.01
0.545 - 0.555 21,048 0.55 0.01

TABLE I. The six bin-redshift intervals and their properties:
number of galaxies, mean redshift of the sample, z̄, and bin-
width, �z. Notice that contiguous intervals are separated by
a redshift interval of size 0.005 to avoid correlation between
neighbours.

Extension for Galactic Understanding and Exploration
(SEGUE-2), the Baryon Oscillation Spectroscopic Sur-
vey (BOSS), Apache Point Observatory Galatic Evolu-
tion (APOGEE) and Multi-Object APO Radial Velocity
Exoplanet Large-area Survey (MARVELS). We concern
in mapping distribution of the LRGs and quasars from
BOSS to extract the BAO bump and constrain cosmo-
logical models.

The BOSS experiment, as part of the SDSS-III project,
mapped about 1.5⇥106 luminous red galaxies (LRG), as
faint as i = 19.9, over 10,000 deg2, up to redshifts z < 0.7.
BOSS used upgraded instruments to extend the redshift
and map deeper than the SDSS-I and -II. This new spec-
troscopic experiment allows to map galaxy density with
approximately n = 0.0002� 0.0003 h3/Mpc3.

The data release 10 (DR10) from BOSS contains
409,337 LRGs in the north galactic hemisphere, with red-
shifts from z = 0.43 to z = 0.7, including new BOSS
spectra. To provide di↵erent transversal signatures as
function of redshift, the data was divided into bins of
redshift with almost 20,000 LRGs in each, with one ex-
ception, an interval with ⇠ 40, 000 LRGs in order to de-
tect a clear BAO signal. Notice that the selection of
the bin redshift intervals is not an easy task: choosing a
small redshift interval could not contain enough galaxy
correlated pairs in order to reveal the BAO signal; from
the other side, a large redshift bin can decrease the BAO
amplitude (because of the presence of a mixture of radial
and transversal correlated galaxies) confounding the true
signature with noise. After several analyses, the bins se-
lected have means at: z̄ = 0.45, 0.47, 0.49, 0.51, 0.53, 0.55.
Details of these data sets are in Table I. Moreover, the
choose of contiguous intervals takes into account a possi-
ble correlation between neighbour bin redshifts, for this
they are separated by a redshift interval of size 0.005 to
avoid such correlations.

IV. METHODS TO DETECT THE BAO BUMP

In previous works (see, e.g., [12, 13]), the 2PACF
was applied to galaxy surveys with photometric redshift
(photo-z) data, where the redshift error depends on the
range of wavelengths given by filters. Unfortunately, the

photo-z errors with larger magnitude provides large un-
certainties in separations between galaxies. In addition
to this problem, some analyses need a fiducial cosmology
to derive cosmological parameters from the 2PACF [14].
This strategy is adopted because it is very common to
find more than a unique bump in any plot of the 2PCF
or 2PACF. This happens because peaks or bumps also
appear due to systematic e↵ects present in the sample
in analysis. Thus, when the 2PACF shows more than
one bump one needs guiding principles to recognise the
true acoustic scale, in our case these criteria should be
independent of a cosmological model. For this, we shall
identify the angular-BAO signal only when a bump re-
mains a bump after applying the following two tests:

1. the 2PACF performed with different bin sizes (of
angular separation)

2. the 2PACF obtained after a small random shu✏ing
of the galaxies angular coordinates

Our strategy follows the basic criterion that, if the
BAO bump is present and is robust, then it will survive
after applying these tests. In such a case, one can con-
sider safely that such a bump corresponds to a transversal
BAO signature.
After that, the BAO bump is localised through a best-

fit procedure, obtaining the ✓FIT value, that is then cor-
rected to the true value ✓BAO using a shift function that
will be explained in the next section.

1. Bin size criterium

In any histogram, like the 2PACF, the choice of the
bin size is a compromise between a noisy curve (when
small bins are used), where possible signatures are hid-
den by statistical noise and systematics, and a smoothly

curve (when large bins are used), where possible signa-
tures spread out and are almost invisible. Our leading
criterion to decide the presence of a robust bump –like a
BAO bump– is that it should appear in the 2PACF even
when one changes the bin width, while noise bumps shall
smear out or simple disappear.
To optimize the best bin size in our 2PACF analy-

ses we trial several possibilities. Between them, we find
three interesting cases for the angular interval in analy-
sis ✓ 2 [0�, 12�] (although the 2PACF curves show only
the interval of interest: [0�, 8�]). In fig. 1 we show the
2PACF curves for the six redshift bins, considering the
cases where the number of bins is Nb = 31, 37, and 40,
with the data points plotted in each panel, respectively,
from top to bottom. In each case the bin size is obtained
through �✓ ⌘ 12�/Nb.
In these data plots, one observes that there cases where

the BAO bump is easy recognisable (e.g., for the redshift
bins z̄ = 0.47 and z̄ = 0.53), while in others it is really
di�cult to identify one single bump. This make neces-
sary a second criterium to decide between true and false
bumps.

SDSS-DR10
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Where is the angular-BAO signal?



2. Shuffling gal's coordinates
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Let’s see an specific example:



2PACF (SDSS-DR10): 0.545 < z < 0.555



2PACF (SDSS-DR10): 0.545 < z < 0.555

3.2� 3.6�



Histogram of neighbours for 3.2-3.6 degs.

consider 139 galaxies !
with > 37 neighbours



2PACF (SDSS-DR10): 0.545 < z < 0.555

0.2�
typical size 
of gal. groups

⇠ 2Mpc



Looking for SZ-effect
100 GHz 143 GHz

217 GHz 353 GHz



after understanding systematics,… results

Carvalho et al., 2015



0.00
0.02
0.04
0.06
0.08

w
(✓

)
z = 0.45 z = 0.47

0.00
0.02
0.04
0.06
0.08

w
(✓

)

z = 0.49 z = 0.51

2 3 4 5 6
✓

0.00
0.02
0.04
0.06
0.08

w
(✓

)

z = 0.53

2 3 4 5 6
✓

z = 0.55

Carvalho et al., 2015



0.1 0.2 0.3 0.4
⌦m

�1.5

�1.0

�0.5

wx

BAO
CMB

�1 0
w0

�4

�2

0

2

wa

BAO

CMB

0.10 0.15 0.20 0.25 0.30 0.35 0.40
⌦m

0.0

0.2

0.4

0.6

0.8

1.0

Li
ke

lih
oo

d

Carvalho et al., 2015



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
z

5

10

15

20
✓ B

A
O
(�

)
Beutler et al. 2011 (6dFGS)
Anderson et al. 2014 (BOSS)
Kazin et al. 2014 (WiggleZ)
6 points from Transversal BAO (SDSS-III)
wCDM ⌦m = 0.250, wx = �0.99 (Best Fit)
⇤CDM ⌦m = 0.308 (Planck)

Carvalho et al., 2015



Conclusions 

• This tomographic approach would be exten-
ded to other: cosmo. tracers & diff. redshift-bins 

• DA(z) obtained in a model independent   
way through the Ang-BAO analyses!  [but to 
understand systematics (n, gal. G&C) is crucial]

• In this way, one restricts cosmological models  
& parameters without assuming a fid. model


